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Abstract 
As the feature size of metal oxide semiconductor field effect transistor is scaling down to 
nano-size, series of problems need to be overcome to continue Moore’ Law, which seems 
an impossible task with traditional bulk Si technology due to the physical limitation and 
various negative effects being subject to small feature size. The critical issues for both 
further improving the devices’ performance and lowering their cost lie in the exploration 
of substitutions for Si and the control of morphological and compositional properties of 
materials. group III-V nanowires due to its unique properties are considered as the 
building block for next-generation electronic devices. To fulfill these commercial 
applications with group III-V nanowires, a fundamental and quantitative understanding 
of growth-structure-property relationships is central to applications where nanowires 
exhibit clear advantages.  Therefore, this doctoral research targets on quantitative 
characterization of nanowires based on elemental, morphological and structural aspects 
and endeavor to unveil the correlation between nanowires’ intrinsic properties and 
performance as well as synthesis mechanism. In addition, methodology exploration of 
specimen preparation with these materials is also expected to be another important output. 
The outcomes of this project are expected to theoretically support high-quality nanowire 
synthesis for a specific application. 
Therefore, the background of semiconductor nanowires and the cutting-edge technique 
atom probe tomography used in this project are introduced at the beginning of chapter 
one, along the atom probe history of evolution. Moreover, I reviewed the mainstream 
applications of the atom probe tomography on various semiconductor nanowires 
including electronics, photonics, thermoelectrics, photovoltaics, and subsequently, 
presents the issues to be addressed in this project. 
In the second part, I summarized the reported nanowire growth methods and the atom 
probe specimen preparation methods from nanowires. Moreover, atom probe data 
acquisition and the analysis have also been discussed, whereas the currently limitation 
and perspectives of atom probe technique are involved at the end of this chapter. 
 xvi 
In the third segment, our research results will be involved sequentially in several chapters: 
atomic-scale characterization of vertical gold catalyzed InGaAs nanowires, self-catalyst 
InGaAs nanowires and planar GaAs nanowires. In this part, I investigated the intrinsic 
properties of these nanowires and their doping distribution. Based on the findings from 
atom probe, transmission electron microscope and density functional theory calculation, 
the redistribution and accumulation of Zn dopants at the interface of planar nanowires are 
directly observed, whereas the Si was not inclined to incorporate into planar GaAs 
nanowires catalytically at 460˚C. Moreover, I systematically elucidated the chemical and 
shape evolution of the spontaneous core-shell structured InGaAs nanowires during their 
growth. In addition, a systematic comparison between two kinds of ternary nanowires 
induced by different catalysts are carried out and corresponding phenomena are explained 
on the basis of the first principles calculation. The experimental results demonstrate that 
the Au-catalyzed nanowires have a rounded triangular Ga-rich core, and the formation of 
In-rich shell is due to the anisotropic growth of zincblende crystal along polarized {112}A 
and {112}B facets with different In composition respectively. In contrast, the self-
catalyzed nanowires with wurtzite crystal structure has a hexagonal In-rich core and an 
isotropic shell with six homogeneous In-rich bands bridging the corners of core and shell 
region. 
This doctoral research advances the understanding of III-V nanowires and holds new 
insight into these 1D materials and broaden its potential applications by microscopic 
investigation. The outcomes of this research play a significant role in methodologies of 
nanowire characterization, synthesis and devices fabrication. 
Keywords: III-V nanowires, atom probe tomography, planar nanowires, core-shell 
structure, InGaAs, APT.
 xvii 
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 CHAPTER ONE  
Introduction 
"A scientist in his laboratory is not a mere technician: he is 
also a child confronting natural phenomena that impress 
him as though they were fairy tales" 
  As quoted in Madame Curie:  
A Biography (1937) by Eve Curie Labouisse 
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1.1 Why III-V Semiconductor Nanowires 
The release of Intel's latest 2nd generation 3D tri-gate 14 nm transistors last year denotes 
a great achievement made by engineers and scientists in driving traditional silicon 
technology into deep nanoscale and consistently keeping pace with Moore's law1 for more 
than half a century [1].  However, recent progress cannot conceal the harsh prospects of 
the traditional top-down silicon industry: apart from cost increase arisen from the 
processing complexity, we are close to the edge of physical limitation in the deep nano-
scale region [2, 3]. With the continuing miniaturization of devices, present issues will 
only deteriorate, such as mobility degradation [4-9] and severe short-channel effect [10-
24].  
 
Figure 1.1 Negative effect on MOSFET during scaling down [25]. 
Based on the device physics suggestion in accordance with the two equations below [26]: 
ID =
WeffCox
2L
(VG − VT)
2                                                 (1) 
td =
LC
WμeffCoxVDD(1−VT/VDD)
                                             (2) 
                                                 
1 Moore's law: refers to an observation made by Intel co-founder Gordon Moore in 1965. He noticed that 
the number of transistors per square inch on integrated circuits had doubled every year since their invention. 
Moore's law predicts that this trend will continue into the foreseeable future. 
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Where equation (1) stands for the MOSFET I-V characteristics and (2) represents CMOS 
inverter delay-time. The eff is the carrier mobility subject to materials, and L and W are 
the length and width of the gate subject to scaling-down; the Cox is the oxide capacitance, 
the Vg and VDD is the bias applied to the gate and drain respectively, and VT is the threshold 
voltage of device, and C is the loaded capacitor. Obviously, in order to realize high current 
outputs and the low delay time of chips with low power consumption, two approaches in 
principle are available - either to scale down the gate length L or replace with high 
mobility materials. In the current silicon processing technology, the most economical way 
is to reduce the length of the gate under current processing to maintain good performance. 
However, as the characteristic length of CMOS reaches microns, various negative 
consequences emerge as shown in Figure 1.1 and it will only worsen when devices scale 
down to the nanoscale.  
In around 2000, Intel first applied strain engineering on their device fabrication to further 
develop the potential of Si. The basic principle is as shown below: 
 
Figure 1.2 Si conductive energy band split into 4 in-plane valleys and 2 perpendicular valleys due to tensile 
strain. 
Due to the tensile strain incorporated, the position of degenerated Si energy band was 
shifted and split. Consequently, 4 valleys go up and 2 valleys go down. Undoubtedly, 
electrons have the priority to fill into the lower position energy band, i.e., 2. Given that 
the electrons in 2 valleys have lower conductivity effective mass 𝑚𝑐
∗,  and lead to higher 
mobility as described by the equation: 
μ =
qτ
mc
∗                                                                           (3) 
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So far, the latest nanoscale devices fabricated by TSMC or Intel are still incorporated 
with this technology. However, as scaling-down of current top-down regime continues 
below 10 nm, a huge amount of cost is required due to the processing complexity 
involving more sophisticated lithographic technology to incorporate with strain 
engineering against the negative effects arising from scaling-down, such as short channel 
effect [27], carrier mobility degradation2 and current leakage [28]. Accordingly, there 
seems little room left to continue boosting the performance of devices with traditional 
silicon technology due to physical limitation and severe short channel effect as the 
scaling-down continues. Therefore, new semiconductor materials and technologies with 
tunable properties and improved cost-performance are desired for further impetus in this 
industry.  
The emerging semiconductor nanowires (NWs) have demonstrated broad potential 
applications with respect to their unique properties [29-32] and possible compatibility 
with current processing technology, and therefore are likely to be building blocks for 
future nanodevices [33-38]. In contrast to its bulk counterparts, these pseudo-1D wires 
show superior behaviors such as defects/dislocations free resulting from the small 
diameter to facilitate the strain release between substrate and NWs, and accordingly, 
improve the quantum confinement and surface sensitivity which is critical to the 
application of sensors [39, 40]. In addition, these wires also demonstrate potentials to 
enhance the performance of the devices for electronics [41-45], optoelectronics [46-50] 
and photovoltaics [51-53] due to their intrinsic high carrier mobility, flexible tunability 
and large aspect ratio, etc. 
1.2 Why Atom Probe Tomography  
A fundamental and quantitative understanding of growth-structure-property relationships 
in atomic-scale is central to applications where NWs exhibit clear advantages. In addition, 
the presence of unintentional impurities or intentional dopants arisen from synthesis 
process has a major influence on the properties of semiconductor and therefore it is 
                                                 
2 Carrier mobility degradation: In solid-state physics, the carrier mobility refers to how quickly an electron 
or hole can move through a metal or semiconductor, when pulled by an electric field. However, the velocity 
of the carriers can be slow down due to the various negative effects induced by internal and external factors, 
which is termed Carrier mobility degradation. 
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essential to accurately quantify them at atomic-scale. However, there are limitations to 
characterize these nanoscale 1D materials with traditional techniques. transmission 
electron microscopy (TEM) works efficiently on revealing the crystal structure of 
materials [54, 55], but the dopant detection limit of its accessory systems, such as energy 
dispersive x-ray spectroscopy (EDS) and electron energy loss spectrum (EELS), is not 
high enough to detect the impurities in semiconductor NWs and therefore traditional TEM 
is not capable of volumetric mapping of low concentration impurities in high spatial 
resolution. Secondary ion mass spectrometry (SIMS) has an excellent elemental detection 
limit for thin film or bulk materials, but it is not competent for NWs due to their small 
size [56]. 
Among various techniques, atom probe tomography (APT) is regarded as the most 
suitable technique for semiconductor NWs due to its capability of revealing chemistry 
and structure of materials with high spatial resolution better than 0.3 nm in all directions 
[57-59], which enable the observation of the materials in sub-nanoscale as evidenced by 
the direct observation of tungsten lattice plane in Figure 1.3.  
 
 
 6 
Figure 1.3 A comparison between the raw lattice data and that after the reconstruction procedure for pure 
BCC tungsten. a,b: Small subset (for visual clarity) of the raw APT reconstruction for W in perspective and 
with the {110} planes edge-on, respectively. c,d: Spatial distribution map analyses of the {110} orientation 
in the original reconstruction are demonstrated. d: A 2D Spatial distribution map that is effectively a 
histogram of atomic positions in the x-y or lateral plane, highlighting the average local neighborhood 
surrounding each atom in a {110} plane. e,f: The effect of rectification on the W data. The same {110} 
planes imaged in panel b are now resolved unambiguously [60]. 
Meanwhile, the measured volume of specimens can reach up to hundreds of millions of 
atoms with high elemental sensitivity (around 5×1017 cm-3) and high detection efficiency 
(around 60%) [61]. APT can trace back to 80 years ago when Erwin W. Muller invented 
the world-first field emission electron microscope (FEEM) in 1935, which was adapted 
into the field ion microscope (FIM) afterward [62]. In order to identify elements, 
successive improvements atom probe field ion probe have been carried out and at the 
beginning of 21st century the modern LEAP was developed [63] and commercialized, 
which is shown in Figure 1.4 Commercial available local electrode atom probe. 
 
Figure 1.4 Commercial available local electrode atom probe. 
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1.3 Literature of Atom Probe Tomography Characterization of Nanowires 
1.3.1 Nanowires for Electronics 
Improving the performance of fundamental components of ICs: complementary metal 
oxide semiconductor (CMOS) devices by continuing downsizing with bulk silicon 
materials has encountered increasing physical and process limitations whereas 
semiconductor NWs enable the further miniaturization of ICs into deep nanoscale. There 
have been considerable reports on the successful practice of manufacturing high-
performance MOSFET with various NW materials by taking advantage of their properties 
of single-crystalline and high aspect ratios in nanoscale. At the same time, the NW CMOS 
manufacturing in accordance with NW top-down fabrication processes [64] is compatible 
with current Si processing technology, as shown in Figure 1.5. In addition, the properties 
of semiconductor NWs can be tailored for a specific application by varying the growth 
methods and conditions in a controllable way. The performance of MOSFET fabricated 
with NWs can be further enhanced by combination with other technologies such as strain 
engineering [65].  
 
Figure 1.5 (a) Schematic structure of a GaAs JL GAA NWFET on semi-insulating (SI) substrate and two 
cross-sectional views across (AA’) and parallel to (BB’) S/D; (b) SEM image of suspended NWs and raised 
S/D; (c) FIB image of cross-section of NW surrounded by gate metals; (d) Top-view SEM images of the 
fully fabricated JL GAA NWFET device and (e) its zoomed-in view of the gate region [66]. 
It is well known that both intentional doping and unintentional impurities have significant 
impacts on the performance of semiconductors. Therefore, quantitative understanding 
and controlling of the distribution and the concentration of doping in NWs is 
indispensable for successful applications. There are extensive APT studies on group IV 
NWs for electronics. Perea et al. systematically studied the dopants and unintentional 
impurities in Si and Ge NWs synthesized by VLS mechanism [67]. In addition, 
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Moutanabbir et al. observed a considerable Al injection into growing Si NWs according 
to homogeneous distribution due to detachment from Al catalyst, which has a remarkable 
impact on the electrical properties of the NW [68]. Due to high carrier mobility and large 
freedom in design, binary NWs from group III-V, such as GaAs InAs NWs were also 
integrated with various FET geometry, Du et al. identified the variation of impurities 
within the GaAs NWs [69]. Therefore, volumetric mapping of APT data is efficient in 
revealing the morphology of grown semiconductor NWs, which is guidance in designing 
specific NWs for various electronics. 
1.3.2 Nanowires for Photonics 
Another important application of semiconductor NWs is to be integrated with photonics, 
where NWs show advantages in light emitting, photon collecting and optical wave 
manipulating functions. The binary semiconductor NWs offer large freedom for laser and 
LED designing in conjunction with their feature of high optical gain and low power 
consumption. It has been reported that lasers made by GaN have lower thresholds for 
emission by 22 kW/cm2 because of excellent morphological properties, nonpolar growth 
direction and reduction in deep-level emission [70]. Besides, Themistoklis et al. 
fabricated the laser with ZnO NWs, which showed faster response with decreasing NW 
diameter because of the electromagnetic environment [71]. However, the reliability of 
APT data from GaN was problematic due to the large difference in evaporation fields of 
Ga and N. For these wide bandgap NWs, APT also showed the capability of 
characterization on their properties. Riley et al. experimentally demonstrated the 
reliability of GaN NWs characterization with APT [72] and also analyzed the In 
distribution, interface morphology and dopant clustering along InGaN/GaN multi-
quantum wells in NW array LEDs, which is crucial to the device performance. In order 
to address the different evaporation behavior among materials, Diercks et al. studied 
evaporation behavior of GaN associated with laser energy [73]. In addition, Dawahre et 
al. [74] first mapped the unintentional impurities N atom along ZnO NWs from APT data 
sets and concluded that there was no big difference on the two ZnO NW with different 
precursors apart from tiny N impurities induced by O/N precursor which was only 
identifiable by APT. These APT findings offer unprecedented insights for developing the 
performance of nanowires in terms of applications. 
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1.3.3 Nanowires for Thermoelectrics 
Thermoelectric materials are another promising field where NWs have potentials to 
further improve the conversion efficiency of waste heat to electricity, in order to the partly 
relieve the worldwide energy crisis in an eco-friend manner [61, 75-78]. However, 
research and development in this area have been slow in improving the performance 
characterized by dimensionless figure of merit (ZT), which is expressed as follows: 
𝑍𝑇 =
𝑆2𝜎
𝐾𝑒+𝐾𝑝ℎ
𝑇                                                             (4) 
where S is Seebeck coefficient (𝑆 = 𝑑𝑉 𝑑𝑇⁄ ), 𝜎  is electrical conductivity while 
𝐾𝑒 and 𝐾𝑝ℎ are thermal conductivity induced by electronic and lattice respectively. It is 
challenging to maximize the ZT due to the interdependence of these parameters on bulk 
materials. However, NWs have the potentials to increase the ZT by taking advantage of 
their features of adaptable band structure and strong phonon boundary scattering. 
Experimentally and theoretically efforts have been made on various lead salts (PbS, PbSe 
and PbTe) because of their potentials to enhance ZT. A theoretical model proposed by 
Lin et al. [79] predicted that ZT values were enhanced to 4 and 6 for 5 nm diameter 
PbSe/PbS and PbTe/PbSe NWs at 77K respectively, which is much larger than their alloy 
counterparts, whereas Liang et al. [80] and Fardy et al. [81] both experimentally proved 
that PbSe NWs exhibited significant decrease in thermal conductivity. Therefore, 
accurate atomic characterization of these NWs is essential for the applications in 
thermoelectrics. Thereafter, Isheim et al. [82] initiated the APT characterization on Lead 
Sulfide NWs with tiny Mn doping, which could not be detected by other techniques. His 
results concern about the correlation of doping distributions to different synthesis 
condition, which demonstrated a uniform Mn axial distribution and variable radial 
distribution resulted from the approach of Mn atoms incorporating into the PbS lattice. 
1.3.4 Nanowires for Photovoltaics 
Because of their tunable geometric effects, large surface to volume ratio and identical 
dimension to the wavelength of visible light, semiconductor NWs from group IV to II-VI 
are considered as basic components to enhance the performance of solar cells [83-87]. 
Enhanced solar cells with various semiconductor NWs and diverse formation of P/N 
junctions were widely reported based on the feature of high absorption of solar spectrum 
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and collection of photogenerated carriers of NWs [88-97]. Ebaid et al. [98]  investigated 
the combination between the band gap engineering and performance of solar cell by 
tuning the content of In. And he experimentally concluded that enhanced In concentration 
could result in higher photocurrent up to 8.6% of illuminating light conversion. However, 
the power conversion efficiency (PCE) of InGaAs/InAs hetero-structured NW array made 
by Mohseni et al. can reach up to 2.51% [99] and solar cells made by InAs/p-Si hetero-
junction NW had a PCE of 1.4% [100]. Considering the crucial importance of P/N 
junctions and hetero-junctions to the application of solar cells, it is essential to understand 
the interfacial morphologies as well as elemental distributions on both sides of the 
junction. In this regard, APT has demonstrated unique advantages in studying P/N 
junctions and multi-layer study structure. As shown in Figure 1.6, axial heterostructure 
interface and the radial core-shell interface can be revealed by post-analysis of the APT 
dataset, providing valuable feedback on hetero-structure growth mechanism for solar 
cells.  
 
Figure 1.6 Reconstructions of axial and core-shell heterostructures with Si and Ge atoms as red and blue 
dots, respectively. (a) SiGe-Si axial heterostructure coated with Ge shell. (b) Schematic of the structure. 
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Shaded areas with arrows show regions plotted in (c) and (d). (c) Radial composition profile showing 
slightly diffuse Si-Ge interface. (d) Axial composition profile showing non-abrupt heterojunction [101]. 
1.4 Issues to be Addressed by this Project 
The literature review above exhibits the powerful techniques  APT which enables 
profound insights into the nanowires for different applications. Obviously, atomic-scale 
tomography of semiconductor NWs has provided unprecedented details regarding the 
quality of doping and junctions. However, there are still open questions need to address. 
First of all, the properties of NWs surface are also crucial to understand for specific 
applications, such as core-shell structure NW with a functionalized shell. Therefore, NWs 
specimen preparation methodology needs to be further optimized for a larger field of view 
(FOV) associated with larger image compression factor (ICF) in order to image the shell 
region. Accordingly, literature review regarding APT specimen preparation from NW 
sample in conjunction with our own unique method is elucidated in chapter two where 
pertinent NW growth methods are also involved. 
Besides microscopic characterization, another challenge lies in the NW utilization for 
devices. Currently, two problems hinder the commercial development of devices with 
traditional free-standing NWs to boost the performance of integrated circuits (ICs). First, 
obstacle lies in how to make these out-plane NWs compatible with current planar 
lithographic processing technology. Secondly, apart from additional processing 
complexity involved in laying down vertical NWs without damage, the deficiency in NW 
transferring and precisely positioning capability make it impossible to manufacture very 
large-scale ICs [102, 103]. The recent emergence of planar NWs seems to rekindle the 
prospect of commercial applications with these pseudo-1D materials [104-107]. However, 
intentional doping and unintentional impurities arising from NW synthesis and IC 
manufacture processing have significant impacts on the performance of devices. The 
intentional doping enables functionalization of semiconductor NWs for various purposes. 
However, the unintentional impurities can degrade the performance of devices [108, 109], 
such as forming deep level recombination centers and leading to negative effects on 
electronics, photonics and optoelectronics [72, 110-112]. Therefore, the doping within 
NWs needs to be characterized, which is an important feedback to direct the NW growth 
for a specific property.  Accordingly, the planar GaAs NWs doped with Si and Zn are 
 12 
systematically characterized in chapter three in conjunction with their growth and focus 
ion beam (FIB)-based specimen preparation method. 
Because functional hetero-interfaces dominate the basis of most semiconductor devices, 
appealing ternary semiconductor NWs offer unequaled freedom for designing with 
various purpose by tunning the In concentration. In chapter four, APT is used to 
investigate the chemicals evolution and distribution of InGaAs NWs, and it reveals a 
spontaneously Ga-rich core and an In-rich shell are formed. These phenomena have been 
explained in detail based on our experimental findings and density functional theory (DFT) 
calculation. 
In chapter five, I designed the experimental condition for the simultaneous growth of Au-
catalyzed and self-catalyzed NWs. Subsequently, APT was used to systematically 
investigate the appealing self-catalyzed InGaAs NWs in comparison with its Au-
catalyzed counterparts. The results demonstrate a significant difference in the growth of 
two type of wires, which offer the physical evidence of the superiority of the self-
catalyzed NWs to the Au-induced ones. 
At the end of this thesis, I briefly summarized the achievements of this project and 
suggested future perspectives of the III-V semiconductor NWs.
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 CHAPTER TWO                  
Nanowire Growth and 
Atom Probe Specimen 
Preparation 
"I came, I saw, I conquered." 
  Gaius Julius Caesar (47 B.C.) 
As quoted in life of Caesar by Plutarch 
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2.1 Semiconductor Nanowire Growth 
Actually, NW technology has already been applied by foundry many years (such as Intel 
or TSMC) to manufacture their chips whose down-scaling is in accordance with Moore's 
Law prediction.  However, the traditional methods they used to make NWs is a top-down 
paradigm, by which they use sophisticated photolithography technology to make NWs on 
the silicon wafer via etching (remove redundant materials in particular regions of Si wafer, 
and finally protected region will form NWs) [113-115]. This costly method requires lots 
of expensive advanced instruments to do the work, involving mask preparation, extra-
fine laser resources and sophisticated lithographic instruments. 
 
Figure 2.1 Schematic diagram of the VLS and VS growth for InGaAs NWs. 
In contrast, a bottom-up semiconductor paradigm has received extensive studies since 
1964 when Wagner and Ellis initially grew Si whiskers with the assistance of Au particles, 
which they termed as the VLS mechanism [116]. According to this theory, metallic seed 
particles on semiconductor surface can absorb elemental species from ambient precursors 
and precipitate them in the form of crystals at the metal/semiconductor interface, as a 
result of supersaturation in the catalyst seed. Consequently, epitaxial growth of whiskers 
takes place in accordance with its substrate orientation as illustrated in Figure 2.1. 
Later efforts have advanced this technique into the nanoscale [68, 117-120] and therefore 
the unintentional radial growth of NWs has become significant and leads to a tapering 
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shape [118, 121-123], which can be attributed to VS mechanism induced by direct 
deposition of species from gas precursors onto sidewall facets. Thereafter, various 
semiconductor NWs with different catalyst seeds have been developed and the 
dependence of their morphology on growth conditions has also been investigated [124-
128].  
By combining with the lithography technology, the location of NW can be determined by 
predefining the position of seeds on the substrate as shown in Figure 2.2 
 
Figure 2.2 (a) Immobilizing the NW seeds in the SiO2 opening for NW array growth. (b) Top-view, and (c) 
side-view of as-grown NWs. 
Besides the methods mentioned above, other techniques have also been developed for 
NWs growth, such as molecular beam epitaxy (MBE) [129], thermal chemical vapor 
deposition (CVD) [130], plasma enhanced CVD [131], chemical Beam Epitaxy [126], 
electron beam evaporation [132], wafer annealing [133] and laser ablation [127], etc.  
However, if not specified, our NW samples in this project were grown based on the VLS 
mechanism in the metalorganic chemical vapor deposition (MOCVD)[134-136]. 
2.2 Atom Probe Technique 
The working principle of APT is not complex and a schematic diagram of the APT 
experiment can be found in Figure 2.3(b). The needle-like specimen and the local 
electrode are aligned with the optical axis with respect to a position-sensitive detector. 
This technique is based on the time of flight (TOF) mass spectrometry with regard to field 
evaporation of surface atoms of a tip under an extremely high electric field. When ejected 
from the surface of the specimen under the effect of voltage pulses, the ionized atoms 
will be collected by the position sensitive detector [137, 138].  At the same time, each 
atom will be identified via the flight mass spectrometry by mass-to-charge ratio. 
Therefore, both positional and compositional information of individual atom is acquired 
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by 3D mapping of the data captured by 2D time- and position-sensitive detector [67, 138]. 
In recent years, the development of pulse laser system enables APT to broaden its 
characterizing coverage from conductive to non-conductive materials including 
semiconductor with high accuracy. 
 
Figure 2.3 (a) Image of Cameca LEAP 4000XSi. (b) Schematic diagram of a local electrode atom probe 
(LEAP) with a crossed delay line single-atom detector at the end of the time-of-flight mass spectrometer. 
Both voltage and laser pulsing modes of field evaporation are shown [139]. 
2.2.1 Atom Probe Specimen Preparation 
It is very challenging to prepare needle-liked APT specimens from semiconductors for 
field-evaporation in the analysis chamber [57, 62, 140]. First, the tips must be sharp 
enough on its apex (normally ranging from 20 nm to 100 nm in diameter) to acquire 
enough electrical field for surface atom evaporation. Second, the needle-shaped specimen 
must be tough enough to survive the electrical force and thermal force induced by high 
voltage and laser pulse respectively in case of rupture. Third, the ROI should be located 
just within the evaporation volume of the specimen when sample preparation. It is worthy 
to note that the depth of evaporation volume of a specimen is reversely proportional to 
shank angle of the specimen. Semiconductor NWs have an ideal needle shape for APT 
analysis, provided that the NWs can be positioned accurately on the ion-optical axis with 
regard to the local electrode in APT. However, it is extremely challenging to extract a 
single NW from their original substrate and place it onto a holder due to their delicate 
feature and small size. The FIB based methods [57] has worked on bulk materials, but 
FIB can quickly destroy NWs, which amplifies the difficulties of specimen preparation. 
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Nevertheless, various approaches of specimen preparation for NWs have proposed and 
developed for APT. 
The fast development of SEM/FIB equipped with the manipulator facilitates site-specific 
specimen preparation with different materials in nanoscale. In 2008, Prosa et al. modified 
the FIB lift-out technique for TEM sample preparation to prepare APT specimens from 
NWs [141]. The procedure was illustrated in Figure 2.4. All the NWs on the substrate 
were firstly covered by Ni for protection in order to prevent the Ga damage induced by 
subsequent FIB cutting. Thereafter, a wedge-shaped specimen with NWs was cut free 
from the substrate and transferred to a micro-post by a manipulator. Then, only one single 
NW on this wedge was retained selectively by FIB milling as shown in Figure 2.4(c). 
Finally, the protective Ni capping layer was removed by a bath of 95C sulphuric acid for 
10 s followed by 10s swirls in distilled water and ethanol respectively. 
 
Figure 2.4 (a) As-grown NW array. (b) An extracted wedge of Ni protected NWs attached to a microtip 
post. (c) The same wedge after FIB milling to isolate single NW for analysis. (d) NW after Ni removal via 
sulfuric acid etching. Note: All scale bars are 2 um in length [141]. 
Prosa’s method works on short NW with moderate density. If the NWs were high/normal 
(within 1 um) densities, they would not be entirely protected by Ni or Pt with neither part 
of NWs unprotected. And the situation will get worse if the NW were long. In Figure 2.4 
(b), we could see clearly that the two protected NWs spacing 2um in the middle of the 
wedge are hollow in between at the bottom, and their middle parts are connected. The left 
one obviously shows thin bottom and thick top. However, the bottom protective layer 
could not grow thicker because the gas flow was blocked by the congestion in the middle 
of NWs. Therefore, during the FIB session from Figure 2.4(b) to  Figure 2.4(c), the 
bottom of long NWs will be damaged.  
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Figure 2.5 Mounting of a NW dispersed on a porous substrate to a half-TEM grid post for TEM and APT 
analysis [142]. 
Considering the potential damage of NW from Ga ions in FIB and complexity of 
experiments, researchers have also developed FIB-free methods for normal/high-density 
NW samples. Diercks [142] gathered NWs from their original substrates and made NWs 
solution with NW suspended in ethanol, and then dispersed the NWs on a porous substrate. 
Because of numerous pores, most of the NWs were suspended over the pore openings. 
Thereafter, a nano-manipulator approached a NW and lifted it out by tiny platinum 
deposition. Then, selected NW was transferred and attached to a truncated TEM grid by 
secure Pt deposition. Finally, retracted the manipulator gently until the initial deposition 
was detached as shown in Figure 2.5(d). This FIB-free method needs accurate control of 
Pt deposition, but the specimens from this method can be analyzed by both TEM and 
APT. 
 
Figure 2.6 (a) A SEM image showing the cut TEM grid with W tip approaching for manipulation; and (b) 
a SEM image showing a NW picked and welded to the W tip. (c) An optical image showing the focused 
laser illuminating the tip of a NW attached to a W probe with the latter aligned in front of the local electrode. 
(d) SEM micrograph of an A-type (untapered and undoped) sample mounted on the W probe. (e) SEM 
micrograph of a C-type (tapered and Mg-doped) sample [143]. 
Another FIB free method was proposed by Ravi Agrawal illustrated in Figure 2.6 [143], 
he initially scratched the NW substrate by a sectioned TEM grid and therefore many NWs 
were congregated along the section edge of the grid. Subsequently, a nano-manipulator 
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approached and was attached to the suspended end of the NW while keeping the NW 
parallel to the manipulator and isolated from other NWs. Thereafter, Pt deposition was 
applied to secure the welding. Finally, the manipulator with the mounted NWs was then 
aligned in front of the local electrode as shown in Figure 2.6 (c), (d) and (e). 
Another in-situ method is that semiconductor NWs were intentionally grown on micro-
post array based on VLS process as shown in Figure 2.7 (a) [67] and this micro-post array 
could be fabricated by deep reactive ion etching process with 10 um diameter and 60-100 
um tall. Thereafter, the NW could be easily aligned with the local electrode in APT by 
tracking the corresponding micron-scale post. In order to minimize the electrostatic 
shielding from the substrate and neighboring specimens, the specimen tips are suggested 
to be 50 um spacing from the surface of the substrate and the neighboring specimen 
should space at least 400 um as illustrated in Figure 2.7 (b). Apart from the complex 
processing involved, this method needs to pre-define the position of NWs before their 
growing and therefore are limited to specific type, which is not applicable to various types 
of NWs. 
 
Figure 2.7 Epitaxial (a) P-doped Ge NW (Scale bar 1 um) and (b) a B-doped Si NW (scale bar 100 nm) 
grown atop a micro-posts. The Au catalyst nanoparticle can be seen at the tip of the wires as shown in the 
inset of (a) (scale bar 200 nm) and in (b). (c) Schematic of the local region centered at the arrow in (b) 
illustrating NW structure. The detail of the structure is discussed in the text. (d) SEM image of a micro-
post array used for the epitaxial growth of semiconductor NWs for local electrode atom probe  (LEAP) 
analysis; the scale bar is 100 um. The image is taken at a 35o tilt normal to the substrate. The inset shows 
an individual micro-post; the scale bar is 3 um [67]. 
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2.2.2 Experimental Acquisition 
Before the APT experiment, the property of targeted materials, such as electric and 
thermal conductivity, toughness, light absorption efficiency, must be clearly understood 
by literature review or other characterization technique assistance, to determine the APT 
working mode for the materials, voltage or laser model. Given the poor electric 
conductivity and fragility of semiconductor nanowires, laser mode was used for our 
nanowires. After the specimen stays in the analysis chamber for a period, the temperature 
of specimen become stable, and this indicates the experiment is ready to proceed. At the 
beginning, the position of the nanowire needs to be adjusted in order to align with the 
local electrode and the laser spot should be placed at the specimen apex. When the 
experiment starts, the standing voltage applied to the NW is progressively adjusted to 
acquire a stable evaporation rate per pulse, which is set from 0.2% to 5% to ensure the 
golden single ion collection dominates the data collection.  
Two experimental parameters can significantly influence the quality of the datasets and 
therefore needs careful determination: laser energy and pulse frequency. The laser energy 
creates a very brief rise in specimen temperature for both metals and nonmetals, thereby 
inducing field evaporation. If the laser energy is not sufficient, the required voltage for 
the specimen evaporation at stable ratio will remarkably increase, which frequently leads 
to sample rupture due to the strong electrical force induced by the high voltage. However, 
if the laser energy is set too high, increasing thermal tails of the spikes in the mass to 
charge spectrum are foreseeable to appear, which will degrade the quality of dataset. In 
this case, one effective solution to reduce thermal tail is to reduce the pulse frequency, 
which enables longer effective cooling time for the specimen to cool down. 
2.2.3 Data Reconstruction 
The data reconstruction and analysis for this project are completed in the CAMECA 
commercial integrated visualization and analysis software (IVAS). The rational 
determination of the reconstruction parameters is the prerequisite for the accuracy of the 
constructed 3D tomography, such as k factor, ICF, initial tip radius, detector efficiency 
and half shank angle. 
The apex electrical field can be approximately expressed by the equation 𝑅 = 𝑉 𝑘𝑓𝐹⁄   
where the R is the tip radius, kf is normally a constant value accounts for both tip shape 
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and its electrostatic environment, termed field factor, V is the evaporation voltage, and F 
is the electrical field.  Obviously, the parameters are associated with each other, and all 
parameters can be directly/indirectly measured or calculated. F can be obtained from the 
charge state ratios of primary element in datasets. And kf  can be calculated based on the 
known parameters in the equation. Another important parameter is ICF representing the 
deformation of electrical field at the apex region, which results to a distorted ion 
projection on the detector. And ICF can be calculated by the ratio between the observed 
angle of two poles on desorption map and the theoretical value by looking up the database. 
2.2.4 Current Limitation and Perspectives 
There is no doubt that atomic-scale tomography of semiconductor nanowires has 
provided unprecedented details regarding the quality of doping and junctions. However, 
there are still many open questions to address and challenges to overcome. First of all, 
the properties of nanowires surface are crucial to understand and control the growth and 
for many applications. Therefore, larger field of view associated with larger image 
compress factor (ICF) is required to observe entire semiconductor nanowires. To do so, 
we need to: 
(a) design a new specimen mounting configuration to optimize the field distribution 
around the tips and alter the ion trajectory. 
(b) develop new reconstruction protocols for reliable reconstruction of datasets with 
high ICF, and 
(c) continue improving the APT hardware for large FOV and detector efficiency. 
Another challenge stems from the specimen preparation methodology for semiconductor 
nanowires with complex structure, such as multilayers, heterojunctions or pores which 
are the key for functionalization of nanowires on various application. Materials with these 
structures generally have a weak interfacial bonding, which is inclined to rupture at the 
bonding interface under electrical force resulting from increasing voltage in the APT 
experiment. Therefore, high-quality data yielding is challenging issue, which restricted 
the application of APT on not only semiconductor nanowires but also other materials. 
This issue can be partly solved from two aspects: strengthen the specimens or decrease 
the external electrical force applied on the specimen in APT. Regarding strengthening the 
nanowire specimens, there are three methods. First, a region of interest, such as interface, 
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is placed in the apex in accordance with parallel direction with the specimen. Second, 
nanowires are intact during preparing APT specimens. Third, coating the specimen is 
helpful for data yield. On the other hand, in order to decrease the electrical force, it is 
helpful to increase the laser energy or decrease the detection rate. In addition, increasing 
the temperature of experiments also reduces the chance of fracture but degrades the 
quality of mass spectra at the same time.  
The continuous development of APT combined with other techniques will further 
advance the understanding and applications of novel materials and structures. For 
example, with the help of catalyst on (100) substrates, nanowires can be grown in plane 
along <110> direction and their position can be precisely controlled by accurately placing 
the catalysts with pre-patterning, which enables the possibility of very large-scale 
integrated circuits (VLSI) fabricated with semiconductor nanowires. In addition, because 
functional heterointerfaces dominate the basis of most semiconductor devices, appealing 
ternary semiconductor nanowires, such as InGaAs with Ga enriched core and In enriched 
shell, offer unequaled freedom for designing with various purpose by tuning the In 
concentration. APT is positioned to provide deep insights into these materials, optimize 
the processing, and to facilitate practical applications. 
2.3 Summary 
In this chapter, I have described the mechanism that induces our semiconductor NW 
growth and subsequently proposed our APT specimen preparation method in comparison 
with reported methods. The contents of this chapter give a brief idea about the geometry 
of our NW samples. And our specimen preparation methods present here is the 
prerequisite of good quality data collection from our sample, which is essential for the 
reader to understand the process of APT experiment. 
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 CHAPTER THREE               
Atom Probe Tomography of 
Gold-Seeded InGaAs Nanowires 
"If I hear the Way [of truth] in the morning, I am content 
even to die in that evening." 
  Confucius (551 B.C  479 B.C) 
A Chinese social philosopher 
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3.1 Introduction 
The emerging low-dimension materials as building blocks have been driving the 
nanotechnology onward to facilitate applications in different fields, and therefore, are 
appealing to both industry and fundamental research due to their exceptional properties 
[87, 99, 100, 144-146]. Among the various NW systems, ternary InxGa1-xAs NWs from 
group III-V are among the most appealing candidates due to their superb properties, such 
as high carrier mobility for microelectronics [147-149] and broad spectral range by tuning 
the In content x for optoelectronics [123, 150]. Despite considerable investigations into 
the growth of InGaAs NWs and their applications, there remains a lack of detailed 
understanding of the atomic-scale structure of these NWs, due to the incapability of 
traditional characterization techniques to obtain a panoramic view of the entire NW at 
atomic-scale, particularly the thermodynamic evolution of the core/shell structure and the 
compositional segregation inside NWs during growth. In this chapter, a single InGaAs 
NW was mapped by taking advantages of atom probe tomography’s (APT) exceptional 
capability of spatially resolved determination of chemical identities at atomic-level [57, 
151, 152], and accordingly, determine any radial or axial compositional inhomogeneity 
in the NW.  
3.2 Nanowire Growth  
InGaAs NWs were grown on semi-insulating GaAs (111)B substrate at 450˚C for 45 
minutes in horizontal flow MOCVD with a constant pressure of 100 mbar and a total flow 
of 15 mol/min. trimethylindium (TMIn), trimethylgallium (TMGa) and arsine (AsH3) 
carried by hydrogen were used as precursors for In, Ga and As respectively. The V/III 
(AsH3/(TMIn+TMGa)) and TMIn/(TMIn+TMGa) ratio was strictly sustained at 44 and 
0.05 respectively and TMGa flow rate was kept at 1.45010-5 mol/min. On the other hand, 
50 nm Au seeds as a catalyst was initially planted by dispersing Au colloidal solution 
onto the substrate. It is important to note that, this solution with an initial concentration 
of 1011 particles/ml was diluted 250 times with deionized water for the growth of APT 
preferable low-density NW array (free-standing NWs space more than 38 m in between) 
and therefore the composition of NW is likely to be enhanced due to the less competitive 
environment for growth. 
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3.3 Atom Probe Specimen Preparation 
Semiconductor NWs were grown in a low-density manner as shown in Figure 3.1(a) by 
diluting the colloidal Au nanoparticle solution, which induces NW growth subsequently 
via VLS mechanism [153] in a MOCVD. Thereafter, small pieces of the substrate with 
low-density NWs were adhered to copper stubs by high conductive vacuum silver epoxy 
as shown in Figure 3.1(b). Because free-standing NWs on the substrate were separated 
far enough to avoid interference from neighbor NWs during evaporation, a single NW 
could be aligned with regard to the local electrode and could be evaporated nicely under 
laser pulse. In addition, the presence of the substrate optimized the field distribution and 
ion trajectories, leading to a larger ICF and larger FOV. Consequently, as shown in Figure 
3.2, the whole NW was imaged and analyzed, which overcomes the conventional 
limitation that only core of a specimen can be imaged in APT. Because the NWs are 
invisible by the optical camera equipped on APT due to their small size, the NW sample 
loaded on stage in the APT chamber needs to be moved gently in order to make the NW 
tip aligned with the optical axis.  The alignment of NW with regard to the local electrode 
will be confirmed by the emergence of the shining laser spot when laser targets on the 
apex of NW head. After field evaporation starts, specimen position can be further 
corrected based on the position of desorption map. 
 
Figure 3.1 Low-density GaAs NWs specimen for APT 
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Figure 3.2 Desorption maps with indexed poles of NWs of diameter (a, b) 50 nm and (c) 100 nm; (d)-(f) 
corresponding top-view SEM images with indexed sidewall facets. The SEM image shows the size of the 
NW bases, which is larger than that of the top of NWs due to tapering [153].  
However, it is important to stress that our method is only applied to low-density NWs. If 
the density of NWs is high (two NWs or more are spacing within 38μm which is smaller 
than the size of the local electrode), more than one NWs may be field evaporated 
simultaneously as shown in Figure 3.3(a). However, this phenomenon is quite rare for 
low-density NWs. As shown in Figure 3.3(b) the average NWs spacing is over 50um, 
which is larger than the size of the local electrode. The rare NWs pair spacing around 
4um in the inset is not the specific ones in Figure 3.3(a). In addition, the existence of the 
planar substrate that NWs stand on will introduce additional electric fields, which leads 
to higher ICF compared with conventional methods and therefore full tip images could 
be acquired [153]. 
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Figure 3.3 (a) Overlapped desorption maps of two single adjacent NWs. (b) Low-density NW array with 
average 50 um spacing. (NWs are circled by yellow dash line). The inset shows two single NWs spacing 
around 4 um.  
3.4 Involved Techniques and Parameters Setup 
APT experiments were carried out with a CAMECA LEAP 4000XSi equipped with a 
laser system which is capable of generating 10 ps pulse at a wavelength of 355 nm and 1 
MHz repletion rate. The temperature and laser energy were setup at 20  5˚C and 3 pJ to 
minimize the background noise. However, APT has only ~69˚ theoretical FOV with 
respect to an average ICF of 1.5 for traditional specimen preparation methods, which is 
insufficient to observe the periphery of NW. Our unique specimen preparation method 
enables a larger FOV around 138˚ for direct observation of entire core and shell of NW 
[153].  
The topography and crystallography of NWs were studied with a Zeiss Auriga SEM/FIB 
and JEOL 2200FS TEM. The NW specimen for TEM was prepared by dispersing NWs 
onto holy carbon film TEM copper grid and the cross-section of NW sample by 
transferring NWs onto Si substrate and subsequently following a standard lift-out 
technique and thinned down to ~80 nm gradually with FIB [154]. 
The DFT calculations were carried out with VASP. The PW91 version of generalized 
gradient approximation (GGA) exchange-correlation and a plane wave basis were 
employed in our calculations [155]. The projector augmented wave (PAW) method was 
adopted to describe the electron-ion interactions. The plane wave cutoff energy 500 eV 
was used. The energy convergence criterion between two electronic steps was 10-4 eV. A 
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slab model was used with a vacuum thickness of 15 Å to avoid interactions between the 
images in the periodic slab. The bottom layer atoms were passivated by pseudo-hydrogen 
to saturate the dangling bonds. The first Brillouin zone was sampled by a k-mesh of (6 × 
6 × 1). Atomic positions were optimized until the maximum force on each atom is less 
than 0.02 eV ·Å-1. A climbing-Nudged Elastic Band (c-NEB) method was used to 
evaluate the energy barrier for In or Ga diffusing in InGaAs NW [156]. 
To calculate the formation energy, metal-rich growth conditions were assumed, i.e., the 
In atoms are incorporated from the corresponding bulk reservoir. Thus, the formation 
energy was calculated as Ef = EIn:GaAs − Eref-GaAs − nEIn  + nEGa, where EIn:GaAs, Eref-GaAs, 
EIn and EGa are the total energy of the In:GaAs slab supercell, the corresponding pure 
GaAs supercell, tetragonal In bulk and orthorhombic Ga bulk, respectively. 
3.5 Results and Discussion 
As shown in Figure 3.4(a, b), the InGaAs NW exhibits a tapering shape with a shank 
angle of ~5˚ and its growth front which is in contact with the Au catalyst has a diameter 
of ~45 nm, whereas the bottom of the NW is larger than 500 nm. In order to investigate 
the cross-section, a radial slice of the NW around 80 nm thick was sampled from the 
middle region marked by the blue rectangle. The dark triangular region, representing 
different chemical composition to the bright region in the center of the TEM image shown 
in Figure 3.4(c), indicates a core-shell structure. Furthermore, the shape of the radial slice 
shows three short and three long side facets, which were determined to be {112}A and 
{112}B, respectively. In addition, the interface between the core and shell can be clearly 
identified by a dark curved band induced by the strain as shown in the High-resolution 
transmission electron microscopy (HRTEM) image of Figure 3.4(d) which corresponds 
to the red rectangle region in panel c. The corresponding electron diffraction patterns in 
Figure 3.4(e) and (f) confirm that core and shell regions have the same crystal structure, 
which was as reported to be ZB structure [122, 157]. 
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Figure 3.4 (a) BF TEM image of entire single InGaAs NW on a TEM grid with holey carbon film. (b) The 
high-resolution TEM (HRTEM) image at Au/NW interface. (c) STEM image of NW cross-section 
corresponding to the blue rectangle region in panel a shows core-shell structure. (d) HRTEM image of NW 
at core-shell interface. Diffraction patterns of the (e) shell and (f) core corresponding to the panel d (zone 
axis <111>). 
APT experiments were carried out to ascertain this compositional variation of the NW 
quantitatively at the atomic-level. Unlike conventional microscopes, APT is destructive, 
extracting ionized atoms one by one from the apex of the NW specimen under the high 
local electric field and pulse laser. These atoms are accelerated and driven toward the 
counter electrode and then collected by a time- and position-sensitive detector. The atoms 
are identified by measuring the mass-to-charge ratio with a TOF mass spectrometry, and 
consequently, the compositional and spatial information of individual atoms can be 
determined [62]. Because the entire Au seed was evaporated before the onset of steady 
field-evaporation due to weak bonding between the Au seed and NW, Au signal was not 
captured in our APT data. The corresponding mass spectrum is shown in Figure 3.5, and 
the spikes representing the single Ga ion and a single In ion and their isotopes with one 
charge were clearly observed, which were followed by a slight thermal tail. The noise 
level is well controlled below 1e2. 
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Figure 3.5 Mass spectrum of the interested region. 
By comparing the NW before and after an APT experiment with SEM, as shown in Figure 
3.7(a) and (c), it is clear that a segment more than 2 m long from the top of the NW was 
collected and analyzed. APT experiments are normally expected to end up with a 
hemispherical shape, whereas our tip in the inset of Figure 3.7(c) shows asymmetrical 
hemisphere. Noted that APT was normally equipped with only one laser pulse system, 
and therefore, only one side of the specimen tip is heated up by laser directly and the back 
side was assisted by the thermal diffusion. It has been estimated that heat will diffuse over 
100 nm in less than 1 ns in most metals and semiconductors [158]. However, if the 
experimental parameters are not well controlled, the incident side will evaporate faster 
than the shadow side due to the different local laser density, which consequently leads to 
different curvatures in the two regions of the tips. This asymmetry of final tip shape 
indicates a nonuniform ion field evaporation and will result in inhomogeneity of the 
reconstruction parameters across the FOV [140]. In order to minimize the negative effect 
arising from the laser, two approaches are suggested: (i) using the longer pulses to 
improve the thermal conductivity; (ii) deploying two laser illuminations on both sides of 
the specimen [159]. 
As to our triangle cross-sectional NWs, identifying the final tip shape is more difficult in 
comparison with the conventional cone shape specimen. As illustrated in Figure 3.6, the 
triangle shape of the NW facets will result in a different observed final tip shape, which 
will bring a difficulty to determine the parameter initial tip radius for reconstruction. 
Therefore, several parameter settings have to be tried to make the d-spacing of [111] 
direction indicated by the center pole on the desorption map equals to 0.326 nm the known 
crystallographic information of the zincblende crystal structure. 
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Figure 3.6 The final tip shape of nanowires with respect to different observation angles. 
this is because the NW cross-section has a triangular shape as shown in Figure 3.7(d). It 
is worth noting that the entire core and shell of NW were captured, as confirmed by the 
similarity between the topography of desorption map shown in Figure 3.7(g) and the top 
view SEM image in Figure 3.7(b).  
 
Figure 3.7 (a) SEM side view and (b) top view of entire NW specimen before the APT experiment. (c) 
SEM side view and (d) top view of entire NW specimen after the APT experiment. (e) An axial slice of 
NW tomography sampled from the reconstruction of InGaAs NW which was indicated by blue transparent 
plane showing inhomogeneous shell; Ga atoms are in yellow and In in purple. (f) Atomic spatial distribution 
map of NW sampled from tomography in panel e showing 0.326 nm d-space of lattice plane along <111>. 
(g) APT detector event histogram. (h) 1D axial In/(In+Ga) profile along z-direction corresponding to 
tomography in panel e. 
An axial slice of tomographic reconstruction was extracted out for analysis and shown in 
Figure 3.7(e). The cross-sectional tomography with regards to elements (In is in purple 
and Ga in yellow) strikingly exhibits an In-rich shell and Ga-rich core. Moreover, it is 
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necessary to note that the composition of In in the shell also varies significantly at {112}A 
and {112}B facets. The spatial distribution map in Figure 3.7(f) shows the <111> crystal 
planes of the ZB InGaAs NW within a small region in the core and the d-spacing is in 
excellent agreement with the standard 0.326 nm, which demonstrates the reliability and 
accuracy of our APT reconstruction. It is apparent that the tapered shape of the NW stems 
from a gradual decrease in the shell thickness from bottom to top, which results from the 
longer effective growth time of lower segment in comparison to the upper section. 1D 
axial In/(In+Ga) profile along z (growth) direction is plotted in Figure 3.7(h) to display 
the chemical composition in core, {112}A and {112}B facets. The In concentration 
remains constant at 0.1 in the core. The growth of the NW core primarily results from 
species directly alloying with Au and precipitated out at the Au-NW interface. Given that 
the ratio between TMIn/(TMIn+TMGa) in our case was 0.05, which is only half of the 
In/(In+Ga) = 0.1 in the core as indicated in Figure 3.7(h), it is reasonable to believe there 
is another contribution. It has been argued that group III species decomposed at the 
substrate can diffuse upward into Au seed, which makes another path for species to 
incorporate into the NWs [160-162]. In addition, both Ga and In are able to alloy with Au 
across whole composition range at normal growth temperature [163-165]. Therefore, it is 
reasonable to believe different precipitation rate of Ga and In out of Au accounts for this 
phenomenon. It has been argued [157] that the Ga-rich core is attributed to the stronger 
Au-In affinity in comparison with that of Au-Ga system, and accordingly Ga in Au can 
react with As and deposit onto the growth front interface (Au-semiconductor interface) 
in the form of single crystal with In retained in the Au seed. In our case, if presuming x 
is the contribution made by In precursor directly alloying with Au and 1-x from surface 
diffusion, we can get the In concentration in the core: 0.1 = 0.05x+0.65(1-x), where 0.65 
is determined by averaging the contributions from {112}A and {112}B. Consequently, 
we could find out that species from direct impingement into Au take up 92% contribution 
to the core growth, while surface diffusion only makes 8% contribution, which is in 
contrast to the previous report [166]. 
The shell shows anisotropic composition, i.e., the ratio of In/(In+Ga) is ~0.7 on the 
{112}B facet, consistently larger than the ~0.6 on the {112}A facet, as shown in Figure 
3.7(h). TMIn has lower pyrolysis temperature than TMGa, as confirmed by Sugiyama et 
al. in thin film growth [167]. During NW growth in MOCVD reactor, the vapor solid (VS) 
growth on substrates and NW sidewalls is intentionally suppressed by the low 
 34 
temperature used but the vapor liquid solid (VLS) growth for the NW core is promoted 
by Au catalysts [168-170], however, the tapering shape of InGaAs NW proves that the 
VS radial growth cannot be entirely eliminated. Larsen et al. experimentally demonstrate 
that the decomposition of TMGa undergoes a series of phase steps: TMGa ((CH3)3Ga) 
can firstly liberate its two methyl radicals in the form of vapor and the last one will come 
off on the surface of substrates. Moreover, further experiments confirmed that the 
deposition rate of GaAs are different on various crystallographic substrates [171] and the 
reason for that is primarily attributed to the different formation energy for adatoms 
incorporation onto various surfaces [172]. Therefore, it is safe to deduce that the different 
formation energies with respect to {112}A and {112}B facets are responsible for the 
anisotropic radial growth. As mentioned above, In and Ga have excellent solubility in 
gold, and therefore, crystallization has the fastest rate at Au/NW interface. However, due 
to the low-temperature environment, only a few pyrolyzed precursors can incorporate into 
the side facets, which leads to slower growth rate on facets in comparison with Au front. 
In addition, the microscopic evidence clearly indicates that the shell is thicker on {112}A 
facets than {112}B, which demonstrate that the formation energy on {112}A facet is 
lower than B, which will be detailed later. Furthermore, surface diffusion is another factor 
attributing to this compositional inhomogeneity. Dayeh et al. [162] have shown that 
surface diffusion has a strong impact on the tapering, i.e., the shell growth. It is 
convincible that In takes up the vast majority species for surface diffusion due to its much 
easier pyrolysis in comparison with Ga, which is in agreement with the fact that In makes 
more contribution to the shell formation.  
 
Figure 3.8 (a) Freestanding NW APT specimen without Au catalyst (Three insets of TEM images 
corresponding to the NW position boxed by yellow blue and green rectangles sequentially showing the core 
evolution from hexagon to triangle gradually). (b) Panoramic view of InGaAs NW via atoms reconstruction, 
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which is corresponding to the NW segment in the transparent cylinder in panel a; Ga and In atoms are in 
yellow and aquamarine blue. Cross-sectional distribution of Ga and In at (c) 50 nm, (d) 1100 nm and (e) 
2400 nm apart from NW top; Ga atoms were in yellow and In in blue. (f) 1D radial In/(In+Ga) profile of 
three selected regions on NW in panel b marked by red, green and blue rectangles which are 50 nm, 1100 
nm and 2400 nm apart from NW top. 
Cross-sectional topographic slices in conjunction with TEM images were analyzed to 
investigate the shape evolution of the core and shell as shown in Figure 3.8. The APT 
analyzed volume was marked by the transparent green cylinder in Figure 3.8(a) and the 
corresponding APT reconstruction is shown in Figure 3.8(b), where the yellow, blue and 
green rectangles indicate the different regions imaged by TEM as shown in the 
corresponding insets. Distinctively, our full tip imaging [91] enables the observation of 
the shell shape evolution as shown in Figure 3.8(c-e). It is clear that the shape of the shell 
evolves from a hexagon to a truncated triangle, where the {112}A facets grow much faster 
than {112}B facets. As mentioned before, the shell is grown via the direct epitaxy of 
precursors onto the NW facets and upward diffusion of adatoms from the substrate. It is 
important to point out that the rate of radial epitaxial growth was inhomogeneous due to 
(i) different formation energy for species incorporation, (ii) surface diffusion and (iii) 
lower pyrolysis temperature of TMIn. Moreover, tapering results from the base region 
being subjected to longer growth time than region closer to the Au seed. 
The consistent core shape evolution can be observed on both APT and TEM: the shape 
of core evolved from a hexagon into a Reuleaux triangle. In addition, APT results show 
that the core is enriched in Ga and shell in In. The 1D radial In/(In+Ga) profiles in Figure 
3.8(f) are plotted for three different positions along the length of the NW in Figure 3.8(b), 
corresponding to 50, 1100 and 2400 nm from the apex of the NW. Interestingly, while 
the size of the core is undoubtedly determined by that of Au seed initially, both TEM and 
APT as well as the 1D radial profile in Figure 3.8(f) indicate that the core-shell interface 
roughens from top to bottom due to interdiffusion at the core-shell interface. It is evident 
that In outward and Ga inward diffusion had occurred. It is interesting to note that the In 
composition in shell drops after reaching the peak at the middle region on both {112}A 
and B facets shell, which is likely due to the additional electrical field which impairs the 
data reconstruction at the NW facets region, however, it does not influence the accuracy 
of the center region of tomography evidenced by the consistency of d-spacing of [111] 
between experimental and theoretic value 0.326 nm. 
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Figure 3.9 Atomic geometry of (a) the ideal (unrelaxed) and relaxed InGaAs slab models involving {112}A 
and {112}B surfaces, and (b) three comparative InGaAs slabs containing 6-InAs-atom-layer. The 2x2x2 
supercell with (c) In and (d) Ga vacancy point defect. The energy barrier for (e) In diffusing with the 
existence of Ga vacancy and (f) Ga diffusing in the presence of In vacancy. 
To shed light on the mechanisms of Ga and In uphill interdiffusion and inhomogeneous 
growth of shell in InGaAs NWs, DFT calculations were performed by simulating In 
incorporation onto InGaAs {112}A and {112}B surfaces, as implemented in the VASP 
code [173]. First, for these two pristine surfaces, the geometries of the 18-atomic-layer 
ideal (unrelaxed) and relaxed {112} surfaces, each comprising 72 atoms, is shown in 
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Figure 3.9(a). As can be seen, these two stepped surfaces have different geometric 
characteristics because of the inverted positions of the cations and anions. In particular, 
the unit cell of the {112}A surface contains 4 Ga atoms and 2 As atoms exposed to the 
vacuum. In contrast, the unit cell of the {112}B surface has 2 Ga atoms and 4 As atoms 
with broken bonds. In agreement with previous findings [174], geometry relaxation 
results in significant atomic positions changes of the topmost atomic layers – the {112}A 
tends to smooth into tilted planes while the {112}B gets to be more corrugated.  
Second, to understand the In atom inhomogeneous distribution in the shell region,  6-
InAs-atomic-layer in three different configurations were considered in an InGaAs slab 
involving {112}A and {112}B surfaces, as shown in Figure 3.9(b). Total energy 
calculations reveal that In atoms prefer to reside close to the surfaces, more importantly, 
preferably to the {112}B surface (by 1.51 eV) over to the {112}A surface (by 0.85eV). 
Thus, energetically, In atoms tend to diffuse toward the outside of InGaAs NWs, with a 
higher concentration in the region close to the {112}B facets. These simulated results are 
in agreement with our APT observations, see Figure 3.7(h). 
Furthermore, a 2x2x2 supercell with an In/Ga vacancy shown in Figure 3.9(c, d) was 
constructed to validate the diffusion mechanism. Indeed, the In and Ga have a relatively 
low diffusion barrier of 0.858 eV and 1.260 eV, respectively, as shown in Figure 3.9(e, 
f). This indicates that cation vacancies could play an important role in assisting the 
elemental interdiffusion considering the energy barrier could normally be too high for In 
and Ga interdiffusion [175]. 
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Figure 3.10 Atomic geometry of the In alloying configurations at different In doping concentration on 
InGaAs {112}A and {112}B surfaces. The “bulk” atoms are omitted for clarity. 
Third, for the In incorporated structures, to simulate the NW lateral growth, for each of 
{112}A and {112}B surfaces, the three topmost InGaAs-layers were taken into account 
with In concentration varying from 1/6 to 6/6. For a given concentration, different 
alloying configurations have been calculated. The In-alloying formation energy values 
for all the structures considered are shown in Figure 3.11, whereas all the 26 atomic 
structures of the In alloying configurations (labeled as (a) – (z)) are shown in Figure 3.10. 
A general trend is that the formation energy of In at both surfaces increases with the In 
alloying concentration. For a given concentration between 1/6 to 5/6, a rather large 
variation of formation energy (~ 1 eV) is obtained, highlighting the significant in-
equability of the atomic sites on the corrugated surfaces. Importantly, the lowest 
formation energy consistently is that on the {112}A surface. This implies that In atoms 
prefer to reside on {112}A surface rather than on {112}B. Interestingly, for the full-In-
trilayer incorporation, i.e. concentration of 6/6, growing on the {112}B surface is 
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energetically favored. However, the high formation energy, ~5.5 eV/atom, suggests such 
a configuration does not readily occur, in agreement with our atom probe observation. 
 
Figure 3.11 Formation energy of In-incorporation onto GaAs {112}A and {112}B surfaces as a function 
of  In concentration. For each concentration, different configurations are considered.  
So far, the geometry and chemistry evolution of the NW core and shell have been 
addressed. Based on APT/TEM study and DFT calculations, it is convincible to propose 
a model accounting for its evolution. NWs are normally grown at low temperature (below 
500˚C), at which the pyrolysis of precursors is suppressed and thin film growth on 
substrates are consequently suppressed too, but Au seeds promote the pyrolysis and 
therefore the axial growth of NWs commence. Therefore, Au seeds responsible for the 
core growth are able to collect group III species mainly from ambient precursors in vapor 
and marginally from surface diffusion species. Consequently, the single crystal NWs will 
precipitate at the catalyst/semiconductor interface when As ions react with Ga/In ions on 
and in Au seeds. NWs begin to propagate along its preferable crystallographic direction 
with lowest formation energy by elevating the Au seed.  
On the other hand, the compositional ratio x in InxGa1-xAs NW can be tuned by varying 
the flow rate of corresponding precursors to alloy with Au at different concentration. As 
evidenced by the interface image of Au seed/NW in the yellow inset of Figure 3.8(a) 
where the growth of shell just began, hexagonal shaped core was initially precipitated out 
of the Au seed, and therefore, the formation of shell will proceed by lateral epitaxial 
growth due to VS and surface diffusion. However, as a highly diffusive element, the In 
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atoms in shell near core-shell interface prefer to migrate outward to bond with As based 
on our calculation and consequently the Ga atoms near the surface move inward as a 
result of the substitution of migrated In. Because of the anisotropic nature of NW facets 
{112}A and {112}B as shown in Figure 3.12(a), the Ga inward and In outward diffusion 
occurring at the core-shell interface was faster along {112}B than along {112}A. 
Consequently, the core evolved into a convex triangular shape and eventually became 
approximate Reuleaux triangle.  
 
Figure 3.12 Schematic diagram of (a) core evolution and (b) shell evolution. 
Furthermore, the 1D In/(In+Ga) profile along NW axial direction indicates that polarized 
composition distribution with 0.6 on {112}A facet and 0.7 on {112}B facet. Apart from 
different formation energy between In and Ga discussed above, this also results from the 
In outward radial diffusion. As discussed before, the lateral facet growth is faster along 
{112}A than {112}B, which lead to a thicker shell along {112}A direction as shown in 
Figure 3.12(b). However, the In outward and Ga inward diffusion is faster along the 
{112}B direction, and subsequently, contribute to this shell compositional polarity. 
3.6 Conclusions 
In conclusion, APT offers 3D fresh insights into NW growth mechanism including the 
entire core and shell at the atomic-scale. Our experimental findings in conjunction with 
DFT calculations, have revealed and explained the evolution of spontaneous core-shell 
structure in InGaAs NWs, i.e., the In-rich shell and Ga-rich core. It is proposed that the 
Ga-enriched core is grown via the VLS mechanism and dominated by the direct pyrolysis 
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of precursors at Au surface with a minor contribution from surface diffusion. In addition, 
the In/Ga interdiffusion across the core-shell interface leads to increasing core size and 
core shape evolution from a hexagon to a Reuleaux triangle. In contrast, the In-enriched 
shell is grown via the VS mechanism and surface diffusion, and therefore, determined by 
the suppressed pyrolysis of the precursor at the low growth temperature. The 
compositional inhomogeneity and different radial growth rates at {112}A and {112}B 
facets result from a combination of several factors involving different formation energy 
of Ga and In on {112}A and B facets, easier pyrolysis of TMIn, surface and interdiffusion 
of elements.  
To optimize the compositional homogeneity of InGaAs NWs for improved electrical 
properties, our study suggests that the growth of shell needs to be suppressed. Given that 
TMIn has a low pyrolysis temperature and the shell is radial epitaxial growth on core 
sidewall due to VS, the temperature for NWs growths needs to be slightly tuned 
downwards and the flow rate of TMIn also needs to slow down, to ensure that the 
precursors can be pyrolyzed around the Au catalyst and incorporated into the NWs for 
the core growth only.  
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 CHAPTER FOUR                    
Atom Probe Tomography of Self-
Seeded InGaAs Nanowires in 
Comparison with the Gold-Seeded 
Nanowires 
" If I have seen further it is by standing on the shoulders 
of Giants." 
  Sir Isaac Newton 
As quoted in a letter to Robert Hooke(1676) 
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4.1 Introduction 
NWs can primarily be grown by MOCVD, wherein the metallic particles planted on 
substrates have a comparatively low melting temperature at nano-size, and therefore, are 
capable of working as reservoir or catalyst to collect ambient species from pyrolyzed 
precursors, and sequentially precipitate them out at the metal/substrate interface in the 
form of crystal as a result of supersaturation [68, 119, 120, 157, 176]. Consequently, the 
epitaxial growth of the free-standing NWs commences in accordance with its substrate 
crystal orientation by elevating the metallic particles. To date, this bottom-up growth 
approach has demonstrated the competence in growing a broad range of NW structures 
of different chemicals [177-186] and thus in tailoring the structure, geometry and 
properties for specific applications. However, later studies have revealed a colossal 
incorporation of seed elements into the NWs from both the seed/NWs interface and side 
facets during NWs growth [68, 187-190]. Subject to the growth temperature, the impurity 
concentration can reach up to two orders of magnitude larger than its equilibrium 
solubility [68] and subsequently lead to structural defects including stacking faults and 
twins, where more impurities congregate and reside [190, 191]. Apparently, these 
unintentional impurities and resultant defects can significantly degrade the optical and 
electrical properties of NWs by forming scattering centers [192] and deep energy level in 
band gap [193], and consequently, impair the performance of the devices.  
In order to avoid or minimize the foreign impurities in the as-grown NWs, various growth 
methods, via either catalyst-free based on epitaxy growth [194, 195] or catalytic seeds 
with comparatively lower solubility such as aluminum [196, 197], titanium [126] and 
copper [198], have been developed. Among these techniques, a completely foreign 
impurity-free method has been receiving extensive studies for both ternary and binary 
NWs growth, primarily for group III-V compounds by taking advantage of the group III 
elements' comparatively lower melting temperature, which was termed as self-catalyst 
[110, 199-202]. Briefly, the formation of the catalytic seeds from group III such as Ga or 
In will be restrictedly initiated at the openings of the oxide layer on the substrate prior to 
the NWs growth which is triggered afterward by the sequential introducing of group V 
species. This self-catalyst paradigm has been reported to have better crystal phase purity 
[187, 203, 204] and more accurate crystallographic controllability [205-207] in respects 
to substrate for NWs such as GaAs, InAs and InGaAs growth.  
 46 
Despite the same growth mechanism that they both relied on, the NWs grown by the 
metallic catalyst and self-catalyst are foreseeable to be different because of the 
discrepancy of their catalysts in alloying with species, which consequently leads to an 
inhomogeneity in growth rate, diameter, crystallography, topography and chemicals 
distribution. Undoubtedly, these inhomogeneous aspects can alter the local electrical 
properties of NWs, and particularly, are crucial to ternary NWs such as InGaAs NWs 
with a complex structure. Our recent work [208] has demonstrated that Au-assisted 
InGaAs NWs evolve into a spontaneous core-shell structure, i.e., a Ga-rich core and In-
rich shell and the shape of core transitions from a hexagon to a coarsened Reuleaux 
triangle due to the chemical inter-diffusion. However, there is still a lack of comparative 
study on the detailed morphological evolution and chemical distribution of gold- and self-
catalyst NWs, preferably grown under the same experimental conditions. In this chapter, 
both Au-assisted and self-catalyst NWs were grown simultaneously on the same substrate. 
Thereafter, APT was used to acquire the full-tip tomographic images of the two types of 
NWs, which enable to compare their chemical distribution at atomic-scale as well as the 
different roles of their corresponding catalysts in NWs growth. Accordingly, the 
mechanism accounting for the discrepancies among two kinds of InGaAs NWs has been 
proposed, which provide fresh insights into the ternary InGaAs NW growth. 
4.2 Nanowire Growth 
The InGaAs NWs were grown on an undoped GaAs (111)B substrate in a horizontal flow 
Aixtron 200/4 MOCVD at constant pressure 100 mbar and temperature 450˚C for 15 mins. 
Hydrogen was used as carrier gas to transport the precursors TMIn, TMGa and AsH3 into 
the reaction chamber with a flow rate of 15 1/min. The V/III (AsH3/TMIn+TMGa) ratio 
was retained at 46 while the ratio of TMIn/(TMIn+TMGa) is restricted at 0.1 for the 
InGaAs growth. Initially, the GaAs (111)B substrates were immersed in 0.1% poly-L-
lysine (PLL) solution for 1 min and then rinsed with deionized water (DI) before drying 
with N2 gas. Thereafter, diluted Au colloid solution with ~ 100 nm diameter Au 
nanoparticle was dispersed on the substrates and consequently immobilized due to the 
presence of the PLL layer. After a second time DI washing, the substrates were placed in 
the MOCVD chamber for NWs growth. The onset of InGaAs NWs growth was initiated 
by the AsH3 introduced right after Au particles had been pre-saturated with III species by 
the prior introduce of the III-precursors. However, two issues need to be stressed that: (i) 
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The Au colloid was diluted intentionally in order to acquire sparse distribution of Au 
particles on the substrate which induces a low-density NW array growth to cater for the 
APT's specimen criteria that NWs should be at least 38 µm apart from each other. As a 
result, the chemicals composition and growth rate might be enhanced on account of the 
less competitive environment [123]. (ii) The silicon oxide layer, which is often used to 
immobilize the self-catalysts by literature [110, 187, 209, 210], however, was not 
deposited on our substrate to enable the self-catalyst InGaAs growth naturally. 
4.3  Techniques Involved in Nanowire Characterization 
In order to prevent the foreign Ga contamination to the InGaAs NW, our specimen 
preparation methods for all the instruments involved in this work are FIB-free. Zeiss 
Auriga SEM/FIB was used to image the surface topography and geometry of InGaAs 
NWs. The charging effect impacts the imaging due to the undoped GaAs substrate used, 
therefore, the silver paints as adhesive were applied between SEM stub and substrate for 
better electrical contact, which could significantly improve the imaging quality. TEM 
specimens were prepared by gently scratching the NWs off the substrate with TEM grids 
with holey carbon film and subsequently imaged by JEOL 2200FS TEM. APT needs 
needle-shaped specimens with an apex diameter less than 100 nm. NWs have an ideal 
geometry for the APT experiment, however, the challenge lies in how to position the NWs 
in alignment with the optical axis of an APT. In contrast to the reported methods [72, 
141-143, 189], such as the lift-out technique operated in SEM/FIB, our method can 
completely keep the NWs intact. Additionally, the presence of the GaAs substrate is able 
to enhance the electrical fields around the targeted NW specimen and leads to a larger 
FOV which enables the observation of the shell of NWs [153, 211]. Our APT experiment 
was carried out on CAMECA LEAP 4000XSi. The specimen preparation methods used 
in this chapter is the same to that in chapter 3. 
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4.4 Results and Discussion 
 
Figure 4.1 (a) 20˚ tilted SEM view of Au-assisted and self-catalyzed InGaAs NWs grown simultaneously 
on the GaAs (111)B substrate. The two long NWs boxed by yellow rectangle are self-catalyzed while the 
selected short Au-catalyzed ones were boxed by a green rectangle. (b) 15˚ tilted SEM view of a single self-
catalyzed NW corresponding the right one in the yellow box in panel a. The inset is the top view of the 
self-catalyzed NW. (c) TEM image of a single self-catalyzed NW. The inset illustrates the growth front. (d) 
SEM side view of InGaAs NWs. The self-catalyzed NWs are beyond the red baseline and the Au-catalyzed 
ones are below the baseline. (e) 15˚ tilted SEM view of a single Au-catalyzed NW. The inset shows top-
view geometry. (f) TEM image of a single Au-catalyzed NW. The inset illustrates the Au catalyst and its 
interface with the NW.  
The distribution of InGaAs NWs can be directly observed by SEM. As shown in Figure 
4.1(a), it is clear that a comparatively low-density free-standing NW arrays were yielded 
from the MOCVD growth with more than 40 μm inter-distance. In addition, both the Au-
catalyzed and the self-catalyzed NWs were distributed randomly on the substrate, which 
is because the position of the seeds was not patterned before NWs growth. The height of 
the NWs can be directly obtained from a side-view SEM image in Figure 4.1(d). 
Apparently, the self-catalyzed has a faster growth rate compared with the Au-catalyzed, 
and moreover, they show various height. In contrast, the Au-catalyzed has a very uniform 
height around 16 µm which has been marked by the red baseline. The longest self-
catalyzed NWs reach almost three times higher than the Au-catalyzed counterparts. Given 
they were grown in the same experimental condition, it is interesting to note that the two 
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kinds of NWs demonstrate completely different geometry, i.e., the pyramidal geometry 
of the Au-catalyzed NWs in contrast to the hexagonal cone shape of the self-catalyzed 
NWs as shown in Figure 4.1(b) and e. Regarding the growth fronts, TEM is capable of 
unveiling more details. The apex of Au-catalyzed NW in Figure 4.1(f), demonstrating the 
Au/NW interface in the corresponding inset, has a diameter of ~100 nm which is almost 
four times larger than that of the self-catalyzed one in Figure 4.1(c).  On the other hand, 
the self-catalyzed NW near the growth front region has shank angle of ~1.8˚, which is 
much smaller than the ~3.5˚ of Au-catalyzed one around its head region. Further TEM 
investigation confirmed that the Au-catalyzed NW has polarized sidewall, the wide 
{112}A and narrow {112}B facets, whereas the self-catalyzed one has 6 equivalent 
sidewall facets {11̅00}, which was reported to be the zincblende (ZB) and wurtzite (WZ) 
structure respectively [122, 157, 212, 213].  
The morphology and growth mechanism of the two kinds of NWs primarily depend on 
the combination of VLS and VS mechanism [214, 215]. Briefly, the catalytic seeds are 
capable of assisting NWs growth via absorbing the ambient III and V species in the vapor 
phase and precipitating out the solid crystal alloy at its interface with the substrate. 
Accordingly, the seeds are elevated upward gradually as the NWs growth continues, and 
this process is termed as VLS. On the other aspect, species can also directly deposit on 
the sidewall of NWs resulting from adatoms diffusion and direct deposition in terms of 
VS mechanism, which attributes to the tapering shape of NWs due to longer lateral 
growth time at lower segment of NWs. Since the two kinds of NWs experienced the same 
period of effective VS growth, they display equal size at their base region. However, 
because of the faster growth rate, the shank angle of the self-catalyzed is much smaller 
than that of the Au-catalyzed. An experimental and theoretical study regarding the 
chemical and shape evolution of the Au-catalyzed NWs has been systematically 
investigated in our previous report [208]. However, the atomic-scale chemical and 
morphological evolution of self-catalyzed NWs with a distinct morphology have not been 
reported. 
Bernhard et al. physically observed the movement of the formed In droplet on a SiO2-
free substrate and immobilization of the In droplet on SiO2 substrate in a Spectroscopic 
photoemission and low-energy electron microscope (SPELEEM) [209]. In addition, their 
recorded images clearly revealed that mobile seeds are averagely larger than the 
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immobilized ones, which is highly likely due to the coalesce of small mobile droplets into 
large ones. However, further research also suggested that the thermodynamic NWs 
growth is diameter-dependent due to the Gibbs-Thomson effect which determines the 
chemical potential and NWs growth rate [201, 216]. If a critical diameter of catalytic 
seeds cannot be reached, the NWs growth will be replaced with crystal islands growth. 
This explanation is in agreement with our experimental findings that considerable crystal 
islands are formed on the substrate as shown in Figure 4.1(b, e). Meanwhile, the 
inhomogeneous height of self-catalyzed NWs grown in our case proves that the critical 
diameter to trigger the NW growth involves a certain range of size rather than a specific 
value. Essentially, the large self-catalysts can survive longer after TMIn shutter is closed, 
leading to a higher NWs. Therefore, it is reasonable to believe that the uneven height of 
self-catalyzed NWs and the crystal island on substrate result from various size of self-
catalysts formed by the smaller self-catalysts random congregation.  
Moreover, Hannah et al. carefully investigated the growth condition for WZ and ZB 
structured NWs from group III-V via a series of comparative experiments and concluded 
that: A high temperature and high III/V ratio promote WZ growth while ZB growth is in 
favor of opposite growth condition [217]. It is important to note that the temperature 
determines the pyrolysis rate of precursors. Early experimental research has already 
demonstrated the precursors from group III have low pyrolysis temperature [218, 219], 
and in particular, TMGa can completely pyrolyze at 475˚C [220] while AsH3 has the 
ability to pyrolyze at ~200˚C [221]. Therefore, it is convincible to believe that the 
temperature increasing ultimately promote the pyrolysis of precursors from group III and 
substantially increase the III/V ratio. Therefore, Hannah's conclusion actually can be 
refined as high III/V ratio promote WZ growth and low III/V ratio is favored by ZB, 
which was subsequently verified by Ameruddin's experiment [212]. 
Back to our case, the concentration of III species in Au seeds is undoubtedly much lower 
than that of the pure III seeds. Since the Au- and self-catalyzed NWs were grown 
simultaneously, there was a comparatively low III/V ratio at Au seed and a high III/V 
ratio at III seeds, and therefore ZB NWs at Au site and WZ NWs at self-catalyst were 
precipitated out. However, it is  believed that this III/V ratio for crystal phase transition 
is variable among different experimental conditions and that the threshold III/V ratio in a 
relationship with experimental parameters, such as temperature, flow rate, precursor dose, 
seeds density on the substrate, should be determined quantitatively in future experiments.  
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By taking advantage of APT's exceptional spatial resolved determination of chemical 
identity at atomic-scale, the compositional and positional information of every single 
atom has been demonstrated. The corresponding APT Mass spectrum can be found in 
Figure 4.2. The noise to signal ratio is decent (the noise was kept below 1e1) and the 
spikes standing for various chemicals were clearly presented. Similar to our previous 
report [208], the Au-catalyzed NW in this batch also exhibits a Ga-rich core as indicated 
by yellow in the side-view tomography in Figure 4.3(a), which is covered by 
inhomogeneous In layers indicated by purple. According to the top-view tomographic 
image, the thin and thick side-wall are identified as {112}B and {112}A respectively due 
to anisotropic NW lateral growth [208]. The desorption map reveals where atoms were 
collected on the detector, and the Reuleaux triangle shape projection in Figure 4.3(b) 
confirmed that nearly the entire core and shell have been detected. A more visible image 
highlighting the iso-surfaces with 58.04% and 82.15% for In and Ga, respectively 
illustrates the anisotropic grown core-shell structure of the NW as shown in Figure 4.3(c). 
The 1D composition profiles of the core, {112}A and {112}B facets were quantitatively 
analyzed and shown in Figure 4.3(d). The results show that the compositional ratio of 
In/(In+Ga) is ~0.1, ~0.6 and ~0.85 in the core, {112}A and {112}B respectively, in 
contrast to ~0.1, ~0.55 and ~0.7 of the previous batch of samples [208] due to different 
growth conditions. Based on our previous DFT calculations, the Reuleaux triangle shape 
evolution has been attributed to faster growth rate on {112}A facets because of the lower 
formation energy. Moreover, In atoms prefer to reside close to the {112}B surface by 
1.51 eV over the {112}A by 0.85 eV, leading to a higher In concentration in {112}B.  
 
Figure 4.2 (a) Mass spectrum of Au-seeded NWs. (b) Mass spectrum of self-seeded NWs. 
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Figure 4.3 (a) Side and top views of APT 3D tomography from a single Au-induced InGaAs NW. Purple 
dots represent In atoms and yellow are Ga. (b) APT detector event histogram. (c) The Iso-surface of Au-
induced InGaAs NW resulting from 3D tomography in panel a, with a compositional Iso-value of 58.04% 
and 82.15% for purple In and yellow Ga respectively. (d) 1D In/(In+Ga) composition profile along the axial 
direction in terms of core, {112}A and {112}B facets respectively, which illustrated by a density-based 
Isosurface.  
The 3D tomography of self-catalyzed NWs displays distinct morphology and chemical 
composition as revealed in Figure 4.4. Unlike the full tip image of the Au-catalyzed NW 
as shown in Figure 4.3, we can only observe the inner shell and the NW sidewall is 
missing because the self-catalyzed NW is so long that the presence of substrate cannot 
contribute extra image compression to the NW apex far [153]. The shape of desorption 
map shown in Figure 4.4(b) stems from the shape of the counter-electrode/aperture in 
APT. Nevertheless, the collected inner shell region is enough for compositional analysis, 
while the geometry and facets can be supplemented by SEM/TEM as shown in Figure 
4.1(b), which indicates a hexagonal geometry with 6 identical {11̅00} facets. On the other 
hand, the tomographic image in Figure 4.4(a) clearly demonstrates 6 thin In-rich bands 
along < 112̅0 > direction as indicated by purple starting from the corner of the Ga-rich 
hexagonal core to the corner of the shell. This phenomenon is more visible in the iso-
surface tomography with iso-value of 94.39% for In and 14.7% for Ga respectively, as 
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shown in Figure 4.4(c). As shown in Figure 4.4(d), 1D axial composition profiles are 
acquired to reveal the In concentration in the core, In-rich bands and Ga-rich region in 
the shell, corresponding to a white, red and green dot marked in Figure 4.4(c). It is 
apparent that the core experiences an In increase starting from ~0.30 at the NW top until 
stabilizing at ~0.65 at the 250 nm position, whereas the In/(In+Ga) is quite stable in the 
shell with ~0.85 in the Ga-rich region and slightly higher ~0.90 in the In-rich bands. 
 
Figure 4.4 (a) Side and top views of APT 3D tomography from a single self-assisted InGaAs NW. Purple 
dots represent In atoms and yellow are Ga. (b) APT detector event histogram. (c) The top view of the self-
induced InGaAs NW's iso-surface originating from corresponding 3D tomography in panel a, with a 
compositional iso-value of 94.39% and 14.7% for purple In and yellow Ga respectively. (d) 1D In/(In+Ga) 
composition profile along the axial direction with respect to the core, shell and In-rich band facets 
respectively marked by black, red and green small dots.  
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Figure 4.5 (a) A 3D tomographic image demonstrating the position selected for 1D radial composition 
profile as shown in panel b, c, d and e. 1D radial composition profile along (b) the Ga rich region, and (c) 
the In-rich region at 50 nm, 400 nm and 800 nm apart from the top of tomography. 1D composition profile 
crossing (d) the In rich band, and (e) its adjacent In-rich band at 50 nm, 400 nm, and 800 nm apart from 
the top of tomography. 
Radial chemical distributions are clearly presented in the cross-sectional composition 
analysis, probing at 50 nm, 400 nm and 800 nm apart from NW apex, indicated by black, 
red and green rectangles for the Site 1, 2 and 3 in Figure 4.5(a). Figure 4.5(b) probes 
along Ga rich region radially and c along In-rich bands. Both of them demonstrate the 
same phenomenon as indicated in Figure 4.4(d) that the In concentration on Site 1 is lower 
than that of the lower segments of the NW. Besides, it is apparent that the Ga-enriched 
core of the self-catalyzed NW coarsens from 13.6 nm in diameter at 50 nm (site 1) to 22.7 
nm at 800 nm (site 3), and this phenomenon was also observed in Au-catalyzed NW and 
was attributed to the chemicals interdiffusion across the core/shell interface. However, 
further radial composition analysis suggests six equivalent In-rich bands and the 
composition profiles across two adjacent ones are illustrated in Figure 4.5(d, e). Besides, 
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it is interesting to note that the In-rich bands are also broadening from 6 nm, 8 nm to 9 
nm with respect to the different heights of NW at Site 1, 2 and 3 respectively. 
In order to ascertain the width of these In-rich bands along the radial direction, the 1D 
radial profile was made at different positions with respect to the core at the site 3. As 
indicated by the In composition baseline in Figure 4.6, the width of the In-rich band close 
to the core is visibly consistent with that close to the sidewall, corresponding to the green 
and red arrows in inset respectively.  
 
Figure 4.6 1D composition profiles crossing the In-rich band corresponding to the bottom region of InGaAs 
NW tomography. 
So far, the atom identities and distributions of Au-catalyzed and self-catalyzed NWs have 
been visualized quantitatively by APT technique. And comparatively, two primary issues 
need to be addressed: (i) why do the self-catalyzed and Au-catalyzed NW have different 
geometry and dimension given they were grown in the same experimental conditions; (ii) 
why do they demonstrate the huge difference in chemical distributions. 
 
As mentioned before, the NW growth is a sophisticated process contributed by both VLS 
and VS mechanism simultaneously. The lateral growth is mainly dominated by VL 
mechanism, i.e., adatoms can directly deposit on the sidewall of NWs with the ongoing 
axial growth, and given the NW was grown in a bottom-up direction by elevating the 
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seeds, and consequently the NW bottom experience longer time for lateral growth in 
contrast to the newborn top region, and finally it evolves into a tapering shape. Given that 
both two kinds of NWs have the same growth time, it is not surprising to observe the 
same dimension on their roots. In contrast to lateral growth, axial growth shows a huge 
difference, i.e., the self-catalyzed is much longer than the Au-catalyzed. It has been 
reported that Ga and In has a comparatively high solubility in gold [165, 222] while As 
has limited ability to dissolve in gold [223]. And consequently, the III-V species alloying 
process for Au-catalyzed NW growth has to take place only at the gold particle surface, 
and consequently the local alloying efficiency is obviously lower at the gold surface in 
comparison with pure self-catalysts for self-catalyzed NW growth. Besides, TEM 
evidence indicates that the residual III species remains abundant in the gold catalyst 
around 17.51 at.% of In and 15.24 at.% of Ga as shown in Table 4.1, whereas the pure 
self-catalysts will continue to grow NWs even if III precursor shutter has been closed 
until the precursor from group V runs low in the chamber. On the other hand, the shell is 
the epitaxial growth of the core laterally, our APT and previous TEM findings in chapter 
3 suggest a coarsened evolution of the core of the Au-catalyzed NW from hexogen into 
rounded triangle due to the In outwards and Ga inward diffusion, in particular, faster 
along {112}B facets. However, Au-catalyzed NW with ZB crystal structure has polarized 
facets along {112}A and {112}B [172], which induces the anisotropic epitaxial growth 
laterally, i.e., shell growth faster along {112}A facets in comparison with {112}B. 
Subsequently, the shape of the shell gradually evolves into a Reuleaux triangle. 
Oppositely, scenario turns different as to the geometry evolution of self-catalyzed NWs, 
the WZ crystal structure is hexagonal close-packing, which has 6 identical sidewall facets 
{11̅00}, and our APT results in Figure 4.5(b, c) clearly demonstrate a hexagonal core 
enriched with Ga and its boundary is slightly moving outwards from NW top to bottom. 
However, in addition to the chemicals inter-diffusion (In outwards and Ga inward 
diffusion) happened similarly in its Au-catalyzed counterparts, there is another possibility 
accounting for this core shape variation. It is likely that our III/V precursor ratio cannot 
retain the self-catalysts with constant size. In other words, the V/III ratio in our case was 
kept at 46, consequently, the excess As precursor is highly likely to keep consuming the 
self-catalysts, leading to a reduced self-catalyst in dimension. Moreover, the hexagonal 
shell of self-catalyzed NW indicated in Figure 4.1(b) is just simply the isotropic lateral 
growth of core. 
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Table 4.1 EDS analysis of the gold seed. 
Element Series Norm.  C [wt. %] Atom. C [at. %] Error (1 Sigma) [wt. %] 
Indium K-series 12.33 17.51 0.54 
Gallium K-series 6.51 15.24 0.23 
Arsenic K-series 0.04 0.08 0.01 
Gold L-series 81.12 67.17 8.15 
On the other aspects, the APT reveals the In/(In+Ga) in {112}B facets is 0.85 constantly 
larger than that of 0.6 in {112}A for Au-catalyzed NW and {112}A facets oppositely 
grow faster than B. These issues have been addressed by our previous DFT calculation, 
which suggested that In is prone to reside in surface than in the core due to energy 
preferable, and more importantly, preferring the {112}B surface by 1.51eV over the 
{112}A surface by 0.85eV. Consequently, the diffusive In elements inside NW can 
migrant to the {112}B facets by overcoming the comparatively low diffusion barrier of 
0.858 eV with the assistance of cation vacancies, and consequently lead to In rich region 
in {112}B facets.  
Whereas the self-catalyzed NW show 6 In-rich bands originating from the 6 corners of 
hexagonal core and extending radially along < 112̅0 > direction to the vertices of the 
shell with an In/(In+Ga) of 0.90 slightly larger than that of 0.85 in {11̅00} facets, and 
significantly larger than that of 0.65 in the core.  Given the lower pyrolysis temperature 
of TMIn compared with that of TMGa [167] and the 450˚C experimental condition used 
in our experiment, it is logical to conclude that the TMIn plays a dominative role in the 
formation of shell via core lateral epitaxial growth in terms of VS mechanism, 
comparatively, the axial growth of self-catalyzed NWs is induced by the Ga-In alloy seeds. 
Resultantly it is not surprising to find a higher In composition in the shell than in the core. 
However, the six In-rich bands observed in the shell symmetrically are intriguing and 
worthy of further investigation. In other ternary NW system, researchers reported similar 
Al-rich bands in the AlGaAs multi-shell NW structure based on TEM observation and 
their NWs were grown in accordance with two steps growth for the core and shell 
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formation separately. These NWs also demonstrate hexagonal shape bounded by {110} 
sidewall facets with thin Al-rich bands bridging the six corners of hexagonal core and 
corresponding corners of the shell. However, it is important to stress that these hexagonal 
NWs was seeded by Au particles and confirmed as ZB crystal structure. In particular, the 
six Al-rich bands involves three thin and three comparatively thick bands alternately 
appearing in the corner, which was attributed to the polarized {112}A and B facets 
anisotropic growth, in contrast to six equivalent In-rich bands in our self-catalyzed NWs 
with WZ structure. According to their analysis, the introducing of Al changes the growth 
rate on different facets in sequential order from fast to low: {112}B, {112}A, {110}. 
However, {112̅0} facets is non-polarized in our self-catalyzed WZ NW structure, and 
according to this explanation, we could conclude that the In incorporation rate is different 
between {112̅0} and {11̅00} facets, however, the difference is not as much as that of 
polarized ZB structure. In addition, it is interesting to note that the In composition in the 
core region of self-catalyzed NW decreases from ~ 250 nm height to apex of NW. As 
mentioned before, the V/III ratio in our case is 46, it is reasonable to believe that when 
the precursor shutters were closed, the self-catalyst can continue to consume the ambient 
residual As precursor in the chamber, which accordingly leading to an unintentional NW 
growth. Consequently, its concentration decreases. 
4.5 Conclusions 
In conclusion, Au-catalyzed and self-catalyzed NWs were grown simultaneously on the 
same substrate. By taking advantage of APT' exceptional atomic detection ability, the 
core-shell structure of both two kinds of NWs was volumetrically mapped, which 
demonstrates different geometry and chemical distribution. The experimental results 
demonstrate that the Au-catalyzed NWs have a rounded triangular Ga-rich core with 0.1 
In/(In+Ga) ratio, and the formation of In-rich shell is due to the anisotropic growth of ZB 
crystal along polarized {112}A and {112}B facets with In composition of 0.6 and 0.85 
respectively. In contrast, the self-catalyzed NWs with WZ crystal structure has a 
hexagonal Ga-rich core with In/(In+Ga) of 0.65 and an isotropic shell with six 
homogeneous In-rich bands with In/(In+Ga) of 0.9.   
According to our APT analysis, self-catalyzed NW on the basis of isotopic growth 
obviously demonstrates enhanced chemical distribution homogeneity, which is crucial to 
the electrical property of device fabrication, in contrast to the Au-catalyzed NWs with 
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remarkable composition inhomogeneity in shell due to the anisotropic growth along 
polarized {112}A and B facets. In addition, the self-catalyzed NWs obviously have 
higher axial growth efficiency and superior potential to incorporate into device 
performance enhancement on account of no foreign impurities introduced, such as Au 
which is not compatible with current Si process technology. 
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 CHAPTER FIVE                
Atom Probe Tomography of 
the GaAs Planar Nanowires 
"Many of life's failures are people who did not realize how 
close they were to success when they gave up." 
 Thomas Alva Edison (1877) 
As quoted in From Telegraph to Light Bulb with Thomas 
Edison (2007) 
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5.1 Introduction 
So far, experimental research efforts have demonstrated the potentials of traditional 
vertical semiconductor NWs for numerous device applications, such as 135% 
performance improvement on MOSFETs made from semiconductor NWs by taking 
advantage of their defects free structures and high aspect ratios [65], lower threshold for 
laser emission from GaN NWs [70] and enhanced power conversion efficiency of various 
NW-based solar cells due to their inherent light trapping capability [99, 100], etc. 
However, two problems hinder the commercial development of devices with vertical 
NWs to boost the performance of integrated circuits (ICs). First, obstacle lies in how to 
make these out-plane vertical NWs compatible with current planar lithographic 
processing technology. Secondly, apart from additional processing complexity involved 
in laying down vertical NWs without damage, the deficiency in NW transferring and 
precisely positioning capability make it impossible to manufacture very large scale ICs 
[102, 103]. The recent emergence of planar NWs seems to rekindle the prospect of 
commercial applications with these pseudo-1D materials [104-107].  One of the efficient 
approaches of growing these planar NWs is based on selective lateral epitaxy (SLE), with 
the help of metallic Au catalyst, GaAs NWs can be grown via SLE in-plane along <110> 
directions on (100) substrate and their position can be precisely controlled by accurately 
placing the catalyst with pre-patterning [224-226], which is able to address the two 
problems mentioned above. Moreover, the feasibility of this materials on various devices 
was proved by recent successful fabrication of high electron mobility transistors [224, 
225, 227]. 
However, intentional doping and unintentional impurities arising from NW synthesis and 
IC manufacture processing have significant impacts on the performance of devices. The 
intentional doping enables functionalization of semiconductor NWs for various purposes. 
However, the unintentional impurities can degrade the performance of devices [108, 109], 
such as forming deep level recombination centers and leading to negative effects on 
electronics, photonics and optoelectronics [72, 110-112]. These adverse doping effects 
are usually unintentional and occur at low concentrations, which cannot be detected by 
traditional characterizing technique due to their insufficient sensitivity and resolution. 
Capable of volumetrically mapping elements of materials in both quantitative and 
qualitative aspects with better than 0.3 nm spatial resolution in all direction, APT provides 
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atomic-level insights into materials [57, 151, 152]. In this chapter, GaAs planar NWs 
intentionally doped with silicon and zinc were grown on a thin Al0.3GaAs film on top of 
a GaAs (100) substrates by MOCVD, and APT experiments were carried out to 
quantitatively determine the doping distribution in the epilayers and interfaces. 
5.2 Planar Nanowire Growth 
In our experiment, GaAs (100) substrate was used for the growth of GaAs planar NWs 
by SLE. However, in order to distinguish the GaAs NWs on the GaAs (100) substrates 
considering homogeneous elemental composition, a ~200 nm Al0.3GaAs buffer layer was 
initially grown on GaAs (100) by introducing 1.17×10-4 mol/min of TMGa, 3.57×10-5 
mol/min of trimethylaluminium and 3.71×10-3 mol/min of AsH3 for 84 seconds prior to 
the onset of NW growth by MOCVD in an Aixtron 200/4 horizontal flow MOCVD 
reactor. Thereafter, planar GaAs NWs were grown on the reactor under atmospheric 
pressure. TMGa and AsH3 were used as precursors for Ga and As respectively, H2 as the 
carrier gas and 250 nm Au colloids as SLE seeding agents. Before the TMGa precursor 
was introduced, samples were heated up and kept at 625 ˚C for 10 mins under AsH3 flow. 
Thereafter, both TMGa and AsH3 were introduced for GaAs NWs growth at 460˚C. 
During growth, 1.79×10-6 mol/min, 3.57×10-6 mol/min of disilane (Si2H6) and 8.56×10-
7 mol/min, 9.78×10-7 and 1.10×10-6 mol/min of diethylzinc (DEZn) as doping precursors 
were introduced for 30 seconds in alternating sequence for n-type and p-type segments 
formation on GaAs NWs as shown in Figure 5.1(a). From Figure 5.1(b), the periodically 
twinned regions of the NWs were identified as the p-type segments doped with Zn, while 
non-twinned regions were identified as n-type doped with Si. The reason for notched 
morphology observed in the p-type segments is due to twin plane defects correlated with 
Zn doping [227], which can also be found in vertical NWs [228].  On the other hand, 
there is an incubation period at Zn doped NW segment before showing the periodic 
corrugations which cannot be observed at non-twinned region [229].  In addition, the Au 
catalysts on the head of NWs were removed by sonication. 
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Figure 5.1 (a) 20˚ tilted view of single entire planar GaAs NWs on AlGaAs. (b) Zoom-in image of the 
yellow rectangle in (a) shows p-type segment doped with Zn and n-type with Si (0˚ tilted view). 
5.3 Atom Probe Specimen Preparation 
 
Figure 5.2 Specimen preparation procedure. (a) 0˚ tilted view of selected ROI, and (b) Pt deposition for 
protection. (c) 24º tilted SEM view of wedge cutting. (d) Detaching wedge from the substrate (10º tilted 
view). (e) Wedge lifting out (10º tilted view). (f) Wedge transferring (10º tilted view). (g) The specimen 
bonding with Mo tip by Pt deposition (20º tilted view). (h) Annular milling for ~50 nm thickness tip 
formation (54º tilted view). 
Regarding the planar NWs, the APT specimen preparation was carried out with Zeiss 
Auriga SEM/FIB by a lift-out process. As illustrated in Figure 5.2, regions of interest 
(ROI) were firstly marked with Pt dots beside the NWs. Electron and ion beam 
depositions were then carried out in turns for approximately 1 m-thick Pt as the 
protective layer to avoid ion-beam damage during the subsequent FIB process. After that, 
the wedge with single NW was lifted out and transferred to a pretreated Mo tip by Pt 
bonding. Finally, annular milling was proceeded carefully for the final formation of tip 
around 50 nm thickness with ROI accurately placed on the vertices. Considering the 
multi-layer structure of the GaAs(NW)/AlGaAs/GaAs (substrate) sample, which is prone 
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to rupture under the electrical force in APT, 15 nm-thick Nickel was coated by sputtering 
in an ion-beam sputtering/etching (IBs/e) system for strengthening. 
5.4 Atom Probe Experiment Setup 
APT experiments were carried out with a CAMECA LEAP 4000XSi at 23 K with laser 
energy of 12 pJ and pulse frequency of 200 kHz. Afterwards. Field evaporation 
commenced around 3200 kV. Because the multilayer specimen is vulnerable to electric 
force, the specimen doped with Si was coated with nickel to secure the interfacial bonding.  
5.5 Results and Discussion 
The position and orientation of the needle-shaped APT specimen with regard to the 
layered sample are shown in Figure 5.3(a). The GaAs NWs doped with Zn or Si 
sandwiched between AlGaAs and Pt layers. Pt was deposited with a sequential electron 
beam and ion beam, showing different contrast, which ensures the deposition efficiency 
and quality. The corresponding diffraction pattern (zone axis <011>) shown in Figure 
5.3(b) was acquired by JEOL TEM 2200, confirming perfect zinc blend single 
crystallization of the sample. Note that the GaAs planar NW sample contains 8 p-n 
junctions and the first grown junction, i.e. the segment that experienced the longest 
thermal treatment, was the one that was probed by APT. 
 
Figure 5.3 (a) TEM image showing the schematic position and orientation of the APT specimen relative to 
the planar NW. (b) The diffraction pattern of the sample (zone axis<011>). 
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Figure 5.4 Reconstruction of the Si-doped specimen. (a) 0˚ tilted SEM image showing the location of the 
specimen. (The inset showing the geometry and structure of APT specimen). (b) Reconstruction of the 
specimen and new column-shaped ROI. (c) Protective Nickle shell (top view of panel b via z-direction). (d) 
Mass spectrum of the selected region around Si peak for new ROI in panel b. (e) Ga and Al and (f) As and 
its clusters and (g) Si distribution in the new ROI defined in panel b. (h) The 1D concentration profile of 
Si, Al, Ga and AlH cluster along APT specimen.  
The geometry and structure of APT specimen are shown in Figure 5.4(a). The specimen 
in inset was prepared perpendicular to the NW axial orientation and AlGaAs surface with 
a NW/AlGaAs/GaAs substrate configuration. A tomographic image of Si-doped 
specimen shown in Figure 5.4(b) clearly revealed the Ni shell and entire GaAs NW Core. 
Normally, only the core of the specimen can be collected due to the local aperture in APT, 
however, the presence of Ni shell in Figure 5.4(c) enables the full collection of GaAs NW. 
In order to unveil the Ni shell and target NW for analysis only, a new column-shaped ROI 
was defined as shown in the bottom of Figure 5.4(b). Consequently, a 200 nm-thick Al-
enriched layer (blue region) can be found within the AlGaAs region in Figure 5.4(e), 
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which is equivalent to TEM observation. Meanwhile, As was prone to be evaporated as 
clusters due to the polar and anisotropic nature of GaAs as shown in Figure 5.4(f). Apart 
from other elements, a tiny peak of the mass spectrum can be found at the position of 28Si 
in Figure 5.4(d), which proves the existence of the Si in this new ROI. The length of the 
NW region is about 60 nm and its interface with AlGaAs was indicated by the sharp 
increase in Al concentration at 60 nm in Figure 5.4(h). However, the detected NW region 
is less than the thickness of the NW observed in TEM in Figure 5.4(a), representing that 
the outer surface of the NW had been milled away. Therefore, the Si concentration profile 
in Figure 5.4(h) ranges from a certain place under NW surface to the NW/AlGaAs 
interface.  The Si and Ga have a ratio of 4.15 ×10-5 in the NW segment. Interestingly, 
Figure 5.4(g) shows a higher Si atoms density in AlGaAs compared with NW segment, 
which seems to be contradictory with the real scenario, given that AlGaAs film was not 
intentionally doped with any element.  This can be explained by the mechanism of APT, 
which is based on TOF mass spectrometry. As cluster composed of the single 27Al atom 
and single 1H with one charge has the same mass charge ratio with the single 28Si+ atom, 
and therefore APT regarded them as same element [140]. On the other aspect, the 
concentration of Al in AlGaAs is 2000 times larger than that of Si in NW segment, and 
therefore 27Al1H+ has higher concentration compared to Si, which was represented by 
black dash line and black solid line respectively in Figure 5.4(h). 
 
Figure 5.5 Mass spectrum of the selected region around H peak. 
In order to confirm the presence of H to make a cluster with Al, a remarkable peak at H 
position was observed with a background noise level lower than 1e1 count. In addition, a 
noticeable 27Al1H+ peak at 250 nm demonstrates the presence of considerable H arisen 
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from HCl:H2O (1:1) etching before AlGaAs formation on GaAs substrate. Considering 
the high probability of extrinsic Ga incorporation into NW during specimen preparation 
with FIB, it is reasonable to see a declined trend of Ga concentration which is indicated 
by the red dash line in Figure 5.4(h).   
 
Figure 5.6 Reconstruction of Zn-doped GaAs. (a) 0˚ tilted SEM image showing the location of the specimen. 
(The inset showing the needle-shaped APT specimen) (b) Ga and Zn in NW segment. (c) Mass spectrum 
of the selected region around Zn peak. (d) Al and Ga and (e) As and its clusters distribution along NWs, 
AlGaAs and partly GaAs substrate. (f) Zn distribution along specimen, AlGaAs, and the substrate. (g) The 
1D concentration profile of Zn, Al, and Ga.  
The results of the Zn-doped segment are shown in Figure 5.6. The AlGaAs layer in Figure 
5.6(d) is 200 nm in length, which is consistent with the measurement in TEM. 
Unsurprisingly, the As evaporated as larger clusters with increasing voltage, which was 
shown in Figure 5.6(e). As the tip of the specimen was consumed and became shorter, 
the apex became blunt and therefore higher voltage was needed to keep constant field 
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evaporation. Meanwhile, two rich Zn layers were discovered close to the boundary 
between the NW and AlGaAs layer and interface of AlGaAs and GaAs, as revealed in 
Figure 5.6(f) and Figure 5.6(g). This implies that Zn preferentially resides at the interface 
due to trapping by local interfacial defects and dislocations as shown in Figure 5.7. On 
the other hand, the small peak at the AlGaAs/GaAs interface around 250 nm is attributed 
to the diffusion of Zn during NW growth [230, 231]. The ratio between Zn and Ga in NW 
segment are 1.59×10-3 as shown in Figure 5.6(b). According to the eutectic diagram 
system of Au-Zn and Au-Si [232, 233], Zn has a higher solubility than Si in Au at 460˚C, 
therefore, the concentration of Si should be lower than that of Zn in NWs, which is in 
agreement with our experiment. Another point needed to mention is that we did not find 
any Si enriched layer at the interface as Zn did, it can be attributed to low Si doping in 
NWs due to limited solubility of Si in gold. Furthermore, Si is less diffusive than Zn and 
therefore it is difficult to identify the Si enriched layer with the influence of 27Al1H+ at 
interfaces. 
 
Figure 5.7 (a) High-resolution image of Zn doped NW at its interface with AlGaAs film. (b) Inverse FFT 
image showing the presence of dislocations within a yellow square in panel a. 
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Figure 5.8 Zn and Al concentration in Si-doped NW segment. (a) Zn distribution and (b) Zn and Al 1D 
concentration along NW, AlGaAs layer and substrate. 
However, our planar NW in Figure 5.1(a) and Figure 5.4(a) shows slight tapering shape 
along the growth direction, which indicates the concurrence of a VS parasitic thin film 
growth and axial VLS NW growth. In our experiment, the temperature for NW growth 
was set up at 460˚C which is higher than the Pyrolysis temperature of TMGa, DEZn and 
AsH3 [218, 219, 234], and therefore, Zn can directly grow on the surface of substrate in 
the form of thin film by VS mechanism without Au catalyst involved. Therefore, it is 
reasonable to expect that there is also a Zn enriched layer at the NW/AlGaAs interface 
under Si doping NW segment marked by a yellow rectangle in Figure 5.4(a). However, 
the specimen with Si doping was sputtered with Ni before the APT experiment, and the 
positions of Ni isotopes and 64Zn+ overlap in the mass spectrum. Therefore, new ROI was 
defined carefully to exclude the Ni impact at the maximal extent, which is shown in 
Figure 5.4(b). The results in Figure 5.8 confirm the existence of Zn enriched layer at 
NW/AlGaAs interface in Si-doped NW segment, and this is because that the entire 
AlGaAs surface was exposed to the Zn precursor before Si-doped NW grow on it. 
However, it is necessary to point out that the black line in Figure 5.8(b) cannot accurately 
represent the concentration of Zn in specimen due to the fact that the impact of Ni cannot 
be completely eliminated by the new ROI as indicated by the tiny spike in Figure 5.4(d). 
Therefore, the black trend line in Figure 5.8(b) represents the sum of Ni and Zn 
concentration. In addition, the new column shape ROI was defined to fit the NW region 
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on tapering shape specimen, consequently, the periphery of AlGaAs and GaAs substrate 
were excluded outside the ROI, and it is reasonable to believe that NW region has more 
Ni impact. 
On the other aspect, there is no remarkable Zn concentration observed in AlGaAs region. 
During the growth of Zn doped NW region, lots of Zn incorporated into NW via VLS and 
accumulated at its interface with AlGaAs by diffusion. However, a few Zn atoms could 
go through this interface and enter AlGaAs layers. Considering that AlGaAs film is only 
~200 nm thick, Zn can easily diffuse to the interface with GaAs substrate and therefore 
was trapped by it. Consequently, the Zn concentration baseline in AlGaAs region is lower 
than that in NW region.  
 
Figure 5.9 Si and Al concentration in Zn doped NW segment. (a) Si distribution and (b) Si, Al and 27Al1H+ 
1D concentration along NW, AlGaAs layer and substrate. 
Similarly, a few Si atoms in Zn doped NW were also observed as indicated by Figure 5.9. 
Because the growth of Zn doped NW region is prior to that of Si-doped NW region, 
during Si-doped NW segment growth, Si can also grow on the surface of Zn doped NW 
region in the way of thin film due to the presence of VS mechanism. However, Si is less 
diffusive than Zn, and therefore the concentration of Si inside NW of Zn doped region is 
quite low as shown in Figure 5.9(b). 
However, as to the doping distribution in NWs, the Zn and Si exhibit huge difference 
which is shown in Figure 5.10. The binomial and experimental distribution of Si has the 
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same trend with 0.9889 p-value, which indicates random Si distribution, whereas the p-
value for Zn is below 0.0001 which demonstrates a nonrandom distribution of Zn.  
 
Figure 5.10 Comparison of experimental and binomial doping distribution in NW segment. (a) Zn 
frequency distribution. (b) Si frequency distribution. 
Due to high carrier mobility and defect free of nanowire effective region, planar GaAs 
NWs doped with Zn show potentials for next generation VLSI in nanoscale. However, 
considering the thin diameter of GaAs NWs which is below 200 nm, the Zn enriched 
layer located in the boundary between NW/AlGaAs layer has significant impacts on the 
performance if devices such as MOSFET made of it. Moreover, if the diameter of planar 
NWs continues shrinking down to or below 100 nm according to the trend of ICs 
development, the Zn enriched layer, which is less than 100 nm far from the surface, can 
also work as carrier pathway in conjunction with source/drain. Consequently, it will result 
in the degeneration of the carrier mobility by severe ionized impurity scattering. Besides, 
series of problematic issues related to device electrical properties and physical isolation 
will arise such as gate controlling, threshold voltage, interfacial capacitance control, 
isolation of active channel from the substrate, etc. Therefore, a more uniform Zn 
distribution incorporated via catalytic pathway is desired for greater NW functionality. 
5.6 Conclusions 
APT provides deep insights into materials including identifying lightly doped regions at 
the nanometer scale, which cannot be discerned by traditional techniques. In this chapter, 
I have quantitatively determined the spatial distribution of impurity dopants in different 
segments of the NW specimen by APT. The ratio between Si and Ga is 4.15  ×10-5 (~ 
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117 cm-3) in the n-type segment of NWs, whereas that of Zn and Ga is 1.59×10-3 (~ 
518 cm-3) in the p-type segment. In addition, two Zn enriched layers at NW/AlGaAs 
interface and AlGaAs/GaAs interface were observed. Consequently, in order to grow 
device preferred planar nanowire with improved Zn dopants distribution. It is suggested 
that the NW growth temperature and growth duration should be slightly tuned downwards 
to suppress the Zn diffusion and its incorporation into NWs via VS mechanism. 
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 CHAPTER SIX   
Summary and 
Perspectives 
" There are answers that science isn’t able to provide about 
the natural world—the questions about why instead of the 
questions about how. I’m interested in the whys. I find many 
of those answers in the spiritual realm. That in no way 
compromises my ability to think rigorously as a scientist." 
  Francis Collins 
As quoted in Time Magazine (2006) 
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6.1 Summary 
The III-V semiconductor NWs will definitely play an important role in future nano-device 
development, nevertheless, their atomic-scale structure and composition are critical to 
understand the novel properties and to realize their technological applications. In this 
regard, this project systematically investigates the morphology of novel semiconductor 
NWs at atomic-scale with regard to their growth condition, by taking advantage of APT's 
exceptional single atom detection capability. At the beginning of this thesis, I summarized 
the latest progress in atomic-scale tomography of various semiconductor NWs for 
application in electronics, photonics, thermoelectrics photovoltaics. Sequentially, Given 
the importance of the specimen preparation, in particular, the challenging task of APT 
specimen preparation from NW samples for quality dataset acquisition, I proposed our 
unique APT specimen preparation methods for both traditional vertical and novel planar 
NWs in conjunction with reported approaches for comparison. The in-situ methods for 
vertical NWs enable the full tip imaging which is essential for investigating the core-shell 
structure NWs. Our methods can also apply to other materials. 
The selected specimen for research in this project are three kinds of advanced 
semiconductor NWs: Au catalyzed InGaAs NWs, self-catalyzed InGaAs NWs GaAs 
planar NWs, in the consideration of practical significance for applications. The APT 
finding reveals: 
(i) the Au-catalyzed NWs formed a spontaneous core-shell structure with an In 
enriched core and a Ga enriched shell due to the different growth mechanisms in 
the axial and lateral directions; The shape of the core evolved from hexagon into 
triangle and grew larger, which resulted from the In outward and Ga inward inter-
diffusion occurring at the core-shell interface, and the irregular hexagonal shell 
manifests anisotropic growth rate on {112}A and {112}B facets. Accordingly, a 
model in terms of the core-shell shape evolution was proposed, which provides fresh 
insights into the growth mechanism of these materials. 
(ii) The self-catalyzed NWs show hexagonal core-shell structure due to isotropic 
growth with 6 equivalent In-rich bands originating from the corners of the 
hexagonal core to those of the shell. The In/(In+Ga) ratio in this bands is 0.9 slightly 
larger than that of 0.85 in the rest of the shell, but significantly higher than that of 
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0.65 in the core. In addition, I report a catalyst-induced NWs crystal phase transition 
for the first time.  
(iii) The immigration and accumulation of Zn dopants at the interfaces in GaAs planar 
NWs occurred during NW synthesis. Meanwhile, Si was not inclined to incorporate 
into GaAs NW catalytically at 460˚C. The ratios between doping and Ga were 
4.1510-5 and 1.5910-3 for Si and Zn respectively, which are beyond the detectable 
ability of traditional microscopes. Based on the APT findings, the impacts of such 
doping profile on MOSFET were analyzed and corresponding solutions were 
proposed to minimize the negative effects. 
Therefore, this project results partly address the open questions regarding the relationship 
of structure and growth for specific semiconductor NWs: InGaAs vertical NWs and GaAs 
planar NWs grown via MOCVD, which provide fresh insight into the NW growth in a 
controllable manner for a specific application.  
6.2 Perspectives  
The understanding of growth, structure and growth relationship is crucial for application 
where semiconductor NWs show clear advantages. This project has shed light on some 
questions regarding NW morphology subject to growth condition. However, the NWs 
growth is very complex process and the APT experiments (including sample preparation 
and the microanalysis) are far from straightforward, and the morphology and geometry 
of NWs are known to be sensitively influenced and altered by tiny change of a single 
parameter such as each precursor flow rate, III/V precursor ratio, III/III (TMIn/TMGa) 
ratio, temperature, length of growth time, pressure, pre-treatment before NW growth and 
the condition of the substrate.  
Up to date, some agreements have been reached with respect to the correlation of NWs 
morphology and experiments. However, there are still controversies regarding some 
detailed aspects during the NW growth. 
(i) First, the length of NWs is determined by the core growth rate based on the VLS 
and high temperature also help to increase axial growth, but the role of Au catalyst 
or seed (still controversial on the function of Au particle, Au works as reservoir[235, 
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236] to collect species or as catalyst[54, 176, 178] to promote precursor pyrolysis 
nearby) need to be confirmed.  
(ii) Second, the III/V ratio is also important and should be set in a particular range 
because the NW growth is a thermodynamic equilibrium process. Before the NW 
growth, there is an incubation period, if the III/V ratio is not well determined the 
NW growth will be replaced as crystal island growth or the Au seed will die out and 
the NW will not continue to grow after a certain height [216]. Therefore, the III/V 
range should be ascertained.  
(iii) Third, the flow rate could also absolutely increase the lateral and axial growth rate. 
However, the shell is grown via the combination of VS and surface diffusion. The 
density of NWs array also influences the shell growth due to the competitive 
relationship of NWs with its neighbors [237]. Therefore, the shape of the shell also 
should be confirmed with regards to the density.  
(iv) Fourth, the GaAs can be growth as ZB structure or WZ structure [238], the threshold 
III/V ratio for the phase transition need to be confirmed.  
(v) Fifth, if the flow rate is comparatively high, the pyramid shape NW will rotate 60 
degrees with growth direction as an axis, occurring at several random positions 
along the nanowire [239], and the reason for that need to be found. 
To address these issues, sets of NW sample should be grown in different conditions for 
comparison by APT and TEM. However, due to the multiple parameters involved, it is 
yet hard to draw a universal conclusion. It is fair to say that this needs long-term 
experimental periods for comparison and analysis.  
On the other hand, this project focused on the growth and structure, therefore, future 
research is suggested to increase weight proportion on the property of NWs, such as 
electrical, optical and mechanical properties. To do this, TEM experiments can be carried 
out with functionalized TEM holder to test single NWs I-V characteristics or young 
modulus, and reversal calculation based on device physics can reveal the effective 
dopants concentration which contributes carriers. Moreover, cathodoluminescence, 
photoluminescence spectroscopy or Second-Harmonic generation techniques can be used 
for optical properties investigation of NWs. In addition, given success practice of strain 
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engineering on bulk materials, the incorporation of strain on semiconductor NWs is also 
appealing and expected to enhance the NW property for better device performance. 
Accordingly, the pertinent issues arising from the strain are also worth investigation. 
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